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ABSTRACT  
   
The complicated, unpredictable, and often chaotic hot water usage pattern of 
typical households severely limits the effectiveness and efficiency of traditional solar hot 
water heater systems. Similar to large scale concentrating solar power plants, the use of 
thermal energy storage techniques to store collected solar energy as latent heat has the 
potential to improve the efficiency of solar hot water systems. Rather than being used to 
produce steam to generate electricity, the stored thermal energy would be used to heat 
water on-demand well after the sun sets. The scope of this thesis was to design, analyze, 
build, and test a proof of concept prototype for an on-demand solar water heater for 
residential use with latent heat thermal energy storage. The proof of concept system will 
be used for future research and can be quickly reconfigured making it ideal for use as a 
test bed. This thesis outlines the analysis, design, and testing processes used to model, 
build, and evaluate the performance of the prototype system.  
The prototype system developed to complete this thesis was designed using 
systems engineering principles and consists of several main subsystems. These 
subsystems include a parabolic trough concentrating solar collector, a phase change 
material reservoir including heat exchangers, a heat transfer fluid reservoir, and a 
plumbing system. The system functions by absorbing solar thermal energy in a heat 
transfer fluid using the solar collector and transferring the absorbed thermal energy to the 
phase change material for storage. The system was analyzed using a mathematical model 
created in MATLAB and experimental testing was used to verify that the system 
functioned as designed. The mathematical model was designed to be adaptable for 
evaluating different system configurations for future research. The results of the analysis 
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as well as the experimental tests conducted, verify that the proof of concept system is 
functional and capable of producing hot water using stored thermal energy. This will 
allow the system to function as a test bed for future research and long-term performance 
testing to evaluate changes in the performance of the phase change material over time. 
With additional refinement the prototype system has the potential to be developed into a 
commercially viable product for use in residential homes. 
 iii  
DEDICATION  
   
This thesis is dedicated to my family and friends including my parents Scott and Lori, my 
sister Stephanie, my fiancée Cassie, and my dogs Beau and Kodi. I would not be where I 
am today without your love and support. 
 iv  
ACKNOWLEDGMENTS  
   
This thesis would not have been possible without the support of my family, friends, 
committee members, and colleagues. I would like to thank all of those involved in the 
successful completion of this project.  
Thesis committee members  
- Dr. John Rajadas, thank you for the opportunity to work on this project, for 
advising me over the last two years, for your time, and your willingness to listen. 
- Dr. A. M. Kannan thank you for the opportunity to work on this project and for 
being a tough advisor who made certain that my work was professional and 
complete. 
- Dr. Bradley Rogers thank you for the opportunity to work on this project and for 
your knowledge and advice over the last three semesters.  
Project Team 
- Luis Martinez for your help with the analysis and testing conducted to complete 
this project. 
- Eric Soriano for your help fabricating the prototype system and your design 
inputs. 
- Devin Murray for your help fabricating the prototype system and your design 
inputs. 
- Ben Donovan for your help with experimental testing and fabrication.
 v  
TABLE OF CONTENTS  
          Page 
LIST OF TABLES ............................................................................................................... viii  
LIST OF FIGURES ................................................................................................................ ix 
CHAPTER 
1     INTRODUCTION ......................................................................................................  1  
2     BACKGROUND RESEARCH  ................................................................................  5  
Solar Thermal Energy Overview .............................................................. 5  
Existing Solutions ..................................................................................... 9  
Phase Change Materil Energy Storage ................................................... 11  
On-Demand Hot Water Heaters ............................................................. 13  
Heat Transfer Fluids ............................................................................... 14  
Parabolic Trough Collector Design ........................................................ 14  
3     SYSTEM OVERVIEW  ...........................................................................................  20 
4     ANALYSIS  .............................................................................................................  26  
Data and Methods ................................................................................... 26  
Parabolic Trough Analysis ..................................................................... 32  
Plumbing Subsystem Analysis ............................................................... 35  
Phase Change Material Reservoir Analysis ........................................... 36  
Heat Transfer Fluid Reservoir Analysis ................................................. 38  
Theoretical Results and Analysis ........................................................... 39  
Discussion of Theoretical Results .......................................................... 47  
5     DETAILED DESIGN ..............................................................................................  53  
 vi  
CHAPTER                               Page 
Solar Collector Design ............................................................................ 53  
Support Frame Design ............................................................................ 62  
Phase Change Material Reservoir Design .............................................. 67  
Heat Transfer Fluid Reservoir Design .................................................... 72  
Plumbing System Design ........................................................................ 73  
Phase Change Material and Heat Transfer Fluid Selection ................... 79  
Summary ................................................................................................. 80 
6     TESTING AND INSTRUMENTATION ................................................................  83  
Instrumentation ....................................................................................... 83  
Testing Information ................................................................................ 86  
7     POST-TESTING DATA ANALYSIS  ....................................................................  92  
Analysis of Results ................................................................................. 92  
Testing Results ........................................................................................ 93 
8     POST-TESTING IMPROVEMENTS  ..................................................................  100  
9     RECOMMENDATIONS FOR FUTURE WORK  ...............................................  105  
Systen Automation ................................................................................ 105  
Re-designed Heat Exchanger ................................................................ 109 
Additional Modifications ...................................................................... 110  
10     CONCLUSION  .................................................................................................... 112  
REFERENCES .................................................................................................................... 113 
APPENDIX 
A      THEORETICAL ANALYSIS RESULTS ............................................................ 117  
 vii  
APPENDIX                                                                                                                         Page 
B      SYSTEM SIZING ANALYSIS  ........................................................................... 133  
C      PLUMBING SYSTEM BILL OF MATERIALS  ................................................ 135  
D      EXPERIMENTAL TESTING RESULTS ............................................................ 138  
E      NREL END USER IMAGE LICENSE AGREEMENT  ..................................... 146  
 viii  
LIST OF TABLES 
Table Page 
1.       Output Parameters ................................................................................................  48 
2.       Support Frame Bill of Materials  .........................................................................  66 
3.       Experimental Testing Information  ......................................................................  89 
4.       Experimental Testing Results ..............................................................................  94 
5.       Solar Tracker Transmission Bill of Materials ...................................................  108 
6.       System Sizing Results  .......................................................................................  132 
7.       Plumbing Subsystem Bill of Materials  .............................................................  136 
 
 
 ix  
LIST OF FIGURES 
Figure Page 
1.       Concentrating Solar Resource in the United States ...............................................  6 
2.       Large-Scale Parabolic Trough Concentrating Solar Collector ..............................  8 
3.       Flat Panel Solar Hot Water Heater .......................................................................  10 
4.       Molten Salt Used for Thermal Energy Storage ....................................................  14 
5.       V-Model for Systems Development .....................................................................  21 
6.       On-Demand Solar Hot Water Heater System Diagram .......................................  23 
7.       Time of Day Versus Ambient Temperature .........................................................  28 
8.       Time of Day Versus Solar Flux ............................................................................  29 
9.       Diagram of the Collector Absorber Tube .............................................................  33 
10.     Solar Energy Available Versus Thermal Energy Collected in June ....................  41 
11.     Solar Energy Available Versus Thermal Energy Collected in November  .........  42 
12.     Total Heat Transferred to the Phase Change Material (PCM) for June ..............  44 
13.     Total Heat Transferred to the PCM for November ..............................................  45 
14.     Variation in Temperature of the Heat Transfer Fluid (HTF) in June ..................  46 
15.     Variation in Temperature of the HTF in November  ...........................................  47 
16.     Variation in Temperature of the PCM in June .....................................................  50 
17.     Variation in Temperature of the PCM in November ...........................................  51 
18.     Existing Parabolic Trough Solar Collector ..........................................................  53 
19.     End Support Brackets ...........................................................................................  57 
20.     Center Support Bracket ........................................................................................  58 
21.     Installed Absorber Tube .......................................................................................  59 
 x  
Figure                                                                                                                                  Page 
22.     Crank System Components ..................................................................................  60 
23.     Trough Support Structure .....................................................................................  61 
24.     Assembled Solar Collector in Operation ..............................................................  62 
25.     Assembled Solar Collector in Operation  .............................................................  65 
26.     Support Frame Cad Model  ..................................................................................  66 
27.     Assembled Support Frame  ..................................................................................  67 
28.     Heat Exchanger Design  .......................................................................................  69 
29.     Heat Exchanger Configuration in PCM Reservoir  .............................................  70 
30.     PCM Reservoir Insulation Process  ......................................................................  71 
31.     HTF Reservoir  .....................................................................................................  73 
32.     Heat Transfer Fluid Pump ....................................................................................  75 
33.     Copper Pipe to Stainless Steel Tubing Transition  ..............................................  76 
34.     Copper Pipe to Stainless Steel Tubing Transition  ..............................................  77 
35.     Fitting Configuration at Collector Exit  ...............................................................  79 
36.     Cad Model of Prototype System  .........................................................................  81 
37.     Completed System in Operation  .........................................................................  82 
38.     Pipe Probe Thermocouple Installation  ................................................................  85 
39.     System in Operation  ............................................................................................  88 
40.     Temperature Results for 8/29/15 ..........................................................................  95 
41.     Temperature Results for 9/8/15 ............................................................................  96 
42.     Temperature Results for 9/12/15 ..........................................................................  96 
43.     Temperature Results for 9/17/15 ..........................................................................  97 
 xi  
Figure                                                                                                                                  Page 
44.      Temperature Results for 9/18/15 .........................................................................  97 
45.      Temperature Results for 9/19/15  ........................................................................  98 
46.      Electronic Timer  ...............................................................................................  101 
47.      Plumbing Configuration PCM Reservoir Inlet  ................................................  102 
48.      Plumbing Configuration PCM Reservoir Exit  .................................................  103 
49.      Holding Torque Required Versus Rotation Angle ............................................  106 
50.      Solar Tracker System Transmission  .................................................................  107 
51.      Solar Energy Available Versus Thermal Energy Collected In April  ..............  118 
52.      Total Heat Transferred to the PCM for April  ..................................................  119 
53.      Variation in Temperature of the HTF in April  .................................................  119 
54.      Variation in Temperature of the PCM in April  ................................................  120 
55.      Solar Energy Available Versus Thermal Energy Collected in May  ................  120 
56.      Total Heat Transferred to the PCM for May  ....................................................  121 
57.      Variation in Temperature of the HTF in May  ..................................................  121 
58.      Variation in Temperature of the PCM in May  .................................................  122 
59.      Solar Energy Available Versus Thermal Energy Collected in July  ................  122 
60.      Total Heat Transferred to the PCM for July  ....................................................  123 
61.      Variation in Temperature of the HTF in July  ..................................................  123 
62.      Variation in Temperature of the PCM in July  ..................................................  124 
63.      Solar Energy Available Versus Thermal Energy Collected in August  ...........  124 
64.      Total Heat Transferred to the PCM for August  ...............................................  125 
65.      Variation in Temperature of the HTF in August  ..............................................  125 
 xii  
Figure                                                                                                                                  Page 
66.      Variation in temperature of the PCM in August  ..............................................  126 
67.      Solar Energy Available Versus Thermal Energy Collected in September  ......  126 
68.      Total Heat Transferred to the PCM for September  ..........................................  127 
69.      Variation in Temperature of the HTF in September  ........................................  127 
70.      Variation in Temperature of the PCM in September  .......................................  128 
71.      Solar Energy Available Versus Thermal Energy Collected in October  ..........  128 
72.      Total Heat Transferred to the PCM for October  ..............................................  129 
73.      Variation in Temperature of the HTF in October  ............................................  129 
74.      Variation in Temperature of the PCM in October  ...........................................  130 
75.      Solar Energy Collected Results for 8/29/15  .....................................................  137 
76.      Thermal Energy Transferred to PCM Results for 8/29/15  ..............................  138 
77.      Solar Energy Collected Results for 9/8/15  .......................................................  138 
78.      Thermal Energy Transferred to PCM Results for 9/8/15  ................................  139 
79.      Solar Energy Collected Results for 9/12/15  .....................................................  139 
80.      Thermal Energy Transferred to PCM Results for 9/12/15  ..............................  140 
81.      Solar Energy Collected Results for 9/17/15  .....................................................  140 
82.      Thermal Energy Transferred to PCM Results for 9/17/15  ..............................  141 
83.      Solar Energy Collected Results for 9/18/15  .....................................................  141 
84.      Thermal Energy Transferred to PCM Results for 9/18/15  ..............................  142 
85.      Solar Energy Collected Results for 9/19/15  .....................................................  142 
86.      Thermal Energy Transferred to PCM Results for 9/19/15  ..............................  143 
 
 1  
CHAPTER 1 
INTRODUCTION 
 With a growing world population and the development of third world countries 
into industrialized nations, the world’s energy needs continue to grow on a daily basis. As 
the world’s energy demand grows, environmentally harmful carbon dioxide emissions are 
expected to increase to 45 billion metric tons in 2040 according to the United States 
Energy Information Administration (2013), (United States Energy Information 
Administration [eia], 2013). The combination of increased demand, decreasing supply of 
fossil fuels, and a commitment by developed nations to curb the production of green 
house emissions has led to increased interest and investment in alternative energy 
technologies (Alternative Energy, n.d.). Alternative energy sources include hydroelectric 
power, solar energy, wind energy, biofuels, fuel cells, and geothermal power (Alternative 
Energy, n.d.). While most of these sources are not new, the technologies used to harness 
energy from most of these sources continue to improve. According to Marcacci (2013), 
improvements in alternative energy technologies have resulted in reduced costs and 
increased competitiveness with fossil fuels (Marcacci, 2013). According to the United 
States Energy Information Administration (2015) and Eurostat (2015), renewable energy 
sources accounted for 10 percent of the total energy consumption in the United States in 
2014 (eia, 2015) and 24.3 percent of the total energy production in the European Union in 
2013 (Eurostat, 2015). 
 In addition to their increasing role in the large-scale energy production, alternative 
energy sources have also made their way into the homes of millions of people throughout 
the world primarily through solar photovoltaic (PV) and solar thermal energy. With 
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decreasing costs due to improved materials and technologies, solar energy system are 
becoming increasingly common in residences. Solar PV generates electric power for use 
in the home with excess power being sold back to the utility, while solar thermal energy 
systems are used to produce hot water for use in the home. According to Shukla, Buddhi, 
and Sawhney (2009), a single solar hot water heater has the potential to prevent more 
than 50 tons of carbon dioxide emissions over a 20 year period (Shukla, Buddhi, and 
Sawhney, 2009). In places like Arizona, which has 211 days of sunlight per year on 
average, solar energy systems have the potential to achieve high capacity factors with 
reduced payback time for consumers (Current Results Nexus, 2015).  
 While traditional flat panel solar collectors help to reduce the overall energy 
consumption for a household, they are far less efficient and effective than designed due to 
the chaotic water use patterns in most households. Most families consume the majority of 
hot water used throughout the day during the evening and in the early morning. This 
usage pattern depletes the hot water supply produced using solar energy requiring water 
needed for morning showers to be heated by conventional means or for large and 
inefficient storage tanks to be installed. In addition, because most families are away from 
home for the majority of the day traditional solar hot water heating systems reach their 
thermal capacity early in the day while no one is home to use the hot water. This results 
in the incident solar energy available throughout the rest of the day being wasted because 
the system cannot raise the water temperature in the storage tank any higher.  
 The major draw back of traditional flat panel solar collectors that results in their 
reduced efficiency is the storage system employed. According to a review conducted by 
Seddegh, Wang, Henderson, and Xing (2015), thermal energy storage is one of the most 
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critical components of residential solar hot water systems (Seddegh, Wang, Henderson, & 
Xing, 2015). As outlined by Shukla et al. (2009), the majority of residential solar hot 
water systems use sensible energy storage and employ water as both the heat transfer 
fluid and the thermal energy storage medium (Shukla et al., 2009). This results in storage 
systems that are large in volume and that require high storage temperatures leading to 
increased thermal losses (Seddegh et al., 2015). In order to increase the efficiency of 
consumer grade solar hot water heaters for use in the home, it is necessary to increase the 
thermal energy storage capacity of the system and in doing so allow the system to collect 
incident solar radiation throughout the day. To accomplish this a concentrating solar 
collector can be combined with thermal energy storage, creating a system in which solar 
energy is collected and stored in the form of latent heat for use at a later time to produce 
hot water. Latent heat energy storage systems use phase change materials for energy 
storage resulting in greater thermal energy storage capacity per unit volume when 
compared to single-phase sensible storage systems (Seddegh et al., 2015).  
 The goal of this thesis was to design, analyze, build and test a concentrating solar 
water heater with phase change energy storage capable of heating water on-demand. The 
system is designed to collect and store solar energy as thermal energy in a relatively 
inexpensive phase change material. The system is uncommon in that it does not heat 
water directly in the collector, instead a heat transfer fluid is heated using solar energy 
and passed through a heat exchanger to heat and melt the phase change material. A 
second heat exchanger is then used to heat water on-demand when needed by the end 
user. As stated by Seddegh et al. (2015), this type of system is classified by the separation 
of the phase change material reservoir and the hot water loop and represents a relatively 
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new area of research in the field of solar hot water heaters (Seddegh et al., 2015). This 
type of system has the potential to operate at a higher efficiency and capacity factor 
because less hot water has to be heated using conventional means and more thermal 
energy can be stored in a smaller volume at lower temperatures. Concentrating solar 
collectors coupled with phase change thermal energy storage have the potential to 
revolutionize the solar hot water industry if they can be made commercially viable.  
 To date, extensive research has been conducted in the field of residential solar hot 
water systems with phase change material thermal energy storage. However, the use of 
phase change material thermal energy storage to create an on-demand system is still a 
new concept with a large potential for future research. In addition to the use of phase 
change material thermal energy storage at the residential scale for domestic hot water, the 
combination of concentrating solar collectors and thermal energy storage is common in 
large scale commercial concentrating solar power plants, such as the Solana Generating 
Station near Gila Bend, Arizona (National Renewable Energy Laboratory [NREL], 
2015). This thesis contains a comprehensive overview of the development process 
undertaken to design, build, and test a concentrating solar collector with phase change 
thermal energy storage for use as a research test bed. This thesis includes a summary of 
background research conducted, the analysis process and results, the detailed design of 
the system and manufacturing methods, an overview of the testing process, 
recommendations for future work, and a discussion of important results and conclusions.  
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CHAPTER 2 
BACKGROUND RESEARCH 
Solar Thermal Energy Overview 
 
 By definition the source of energy for solar thermal energy systems is radiation 
from the sun. The sun produces 400 septillion watts of energy per second and is the most 
abundant and reliable source of energy known to man (Solar-Thermal, n.d.). While only a 
fraction of this energy reaches the surface of the earth and varies by geographical location 
as well as the time of year, the solar radiation available for collection is still significant. 
According to Seddegh et al. (2015), 1.08 x 1014 kW of solar radiation is absorbed by the 
surface of the Earth, meaning that the energy absorbed by the earth in one hour is greater 
than the energy use of the entire planet in a year (Seddegh et al., 2015).  
 Figure 1, created by the National Renewable Energy Laboratory, shows the 
concentrating solar power resource potential for the United States. From Figure 1, it is 
important to note the large variation in solar energy resource potential across the United 
States. While the solar irradiation across the majority of the southwestern portion of the 
United States is over 7.5 KwH/m2/Day, the irradiation in the northeast and Midwest is 
less than 4.5 KwH/m2/Day. The solar irradiation has a direct influence on the efficiency 
and the economics of operating solar thermal energy systems. Based on the information 
shown in Figure 1 it is not surprising that solar thermal energy is far more common in 
Arizona, California, Nevada, and New Mexico than anywhere else in the United States. 
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Figure 1. Concentrating solar resource in the United States (Roberts/NREL, 2012). This 
figure was produced by Billy Roberts for the NREL (2012) and shows the concentrating 
solar power resource potential in the United States. 
 Solar thermal energy systems are composed of concentrating solar collectors that 
operate by collecting and absorbing the beam component of solar radiation to heat a fluid 
within the collector. As presented by Johnson (2015), this heat is then used directly in a 
thermal process, such as producing hot water for residential use, in a large-scale 
industrial process, or to generate electricity (Johnson, 2015). It is important to 
differentiate solar thermal energy systems from photovoltaic systems. Unlike 
concentrating solar collectors, which use the sun’s energy to create heat, solar 
photovoltaic systems convert solar radiation directly into electric power. In addition, 
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solar photovoltaic systems can use the direct or beam component of solar radiation as 
well as the diffuse component, scattered radiation that is still incident on the surface, and 
the albedo component or reflected solar radiation from the surroundings (Johnson, 2015).   
 As presented by Johnson (2015), concentrating solar collectors can be broken into 
three distinct categories based on their operating temperature, low-temperature collectors, 
medium-temperature collectors, and high temperature collectors (Johnson, 2015). Low, 
medium, and high-temperature collectors have distinct applications based on their size 
and thermal capabilities. Low-temperature collectors have a typical operating range 
between 60 and 100 degrees Celsius and are used to generate hot water and process heat. 
Medium-temperature collectors have a typical operating range of 80 to 350 degrees 
Celsius and are commonly used for solar cooking and distillation. Finally, high-
temperature collectors have a typical operating range of 250 to 750 degrees Celsius and 
are used to generate electricity (Johnson, 2015). Figure 2 shows a large scale high-
temperature parabolic trough solar collector that is part of a concentrating solar power 
plant in New Mexico. While this size and class of collector is far too large in size and 
thermal capacity for use to generate residential hot water, parabolic trough solar 
collectors are very effective and relatively simple tools used to collect solar thermal 
energy and represent the type of collector developed to complete this thesis.  
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Figure 2. Large-scale parabolic trough concentrating solar collector (SkyFuel Inc, 2009). 
This figures shows a large-scale parabolic trough solar collector at a concentrating solar 
power plant in Albuquerque, New Mexico, photo by SkyFuel Inc., NREL 16604. 
 Large-scale parabolic solar trough collectors are capable of concentrating the 
equivalent of 70 to 80 suns and use an absorber tube attached to the collector to collect 
concentrated solar thermal energy (International Renewable Energy Agency [IRENA], 
2012). Parabolic troughs are also commercially proven and have a low technology 
development risk, making them the ideal choice to develop a prototype solar on-demand 
water heater (IRENA, 2012). In addition to parabolic trough solar concentrators, several 
other types of solar concentrators are in use today to produce hot water as well as 
electricity. These concentrators include flat panel solar concentrators, solar tower 
concentrators, linear Fresnel concentrators, and dish-sterling engines (IRENA, 2012). 
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Solar towers, linear Fresnel, and dish-sterling engines are high-temperature collectors and 
relatively complex systems commonly used to generate electricity on a large scale 
(IRENA, 2012). All three types of concentrating solar collectors are too large and 
complex to be used for residential hot water, and dish-sterling engines do not have the 
capability to produce hot water directly eliminating these types of collectors as potential 
candidates for effective residential solar hot water heaters.  
Existing Solutions 
 
 Flat panel solar collectors are commonly used for residential solar hot water 
heaters, and represent the existing solution for producing hot water using solar thermal 
energy for residential use. Flat panel collectors are typically low-temperature collectors 
and commonly use water or glycol as the working fluid (Johnson, 2015). Flat panel solar 
collectors can be used to heat water directly by circulating the incoming water supply 
from the home through the collector and into a large storage tank. Flat panel collectors 
can also produce hot water by heating a low-temperature working fluid such as glycol 
and circulating the glycol through a heat exchanger in a water storage tank.  
 Typical flat panel residential solar hot water systems can be used in conjunction 
with traditional water heaters that heat water using electricity or natural gas. The 
traditional hot water heaters can be used as backup systems if an insufficient quantity of 
water is heated by the solar collector to meet the demand of the household. Flat panel 
solar hot water systems can also be used in combination with a traditional hot water 
heater to preheat the incoming water supply improving the overall efficiency of the 
system. Figure 3 shows a flat panel solar hot water heating system installed on a 
residential home in Hawaii. This type of system is relatively inexpensive to install and 
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maintain, but has several limitations that reduce the efficiency of the collector and the 
usefulness of the system for the consumer. 
 
Figure 3. Flat panel solar hot water heater (Drake, n.d.). This figure shows a flat panel 
solar hot water heater installed on a home in Hawaii, photo by Christopher Drake, NREL 
09190. 
 As mentioned previously, the water usage pattern in a typical household is chaotic 
and complex with the majority of the hot water supply being consumed at night and in the 
early morning. Because of this usage pattern flat panel solar water heaters can be far less 
efficient in practice than designed, with systems reaching their thermal capacity early in 
the day when no one is home to consume the hot water being produced. This creates 
several issues; the incident solar radiation on the collector after the system has reached its 
thermal capacity is wasted, the hot water produced using solar thermal energy has to be 
stored in a large reservoir for a long period of time, and thermal energy is lost throughout 
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the day and overnight requiring water to be heated using traditional hot water heaters 
(Seddegh et al., 2015). In order to combat this issue, extensive research has been 
conducted concerning the use of phase change materials for thermal energy storage in 
residential solar hot water systems. As outlined previously, latent heat energy storage is 
much more efficient than sensible energy storage and requires less space and lower 
storage medium temperatures (Seddegh et al., 2015).  
 This thesis seeks to improve upon existing residential solar hot water heaters 
using latent heat thermal energy storage by developing a test bed for an on-demand solar 
hot water system. As concluded by Seddegh et al. (2015), additional research should be 
conducted to optimize residential solar hot water systems with phase change material 
energy storage, to develop a mathematical model for evaluating system performance, and 
to study the long-term performance of these systems. The test bed developed to complete 
this thesis will be instrumental in testing the long-term performance of residential solar 
hot water systems using phase change materials for energy storage, and evaluating 
improvements to optimize such systems.  
Phase Change Material Energy Storage 
 
 In order to improve the overall efficiency of the residential solar hot water heater 
and create an on-demand system, a small scale concentrating solar collector was 
developed that incorporates thermal energy storage using a molten salt. While the use of 
phase change material energy storage at the residential scale to heat water is not new, its 
use in combination with a parabolic trough solar collector is. This type of system 
separates the phase change material from the collector and does not use a water storage 
tank. This is classified as the separate phase change material units in the solar hot water 
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loop technique (Seddegh et al., 2015). This is the least researched technique integrating 
phase change material energy storage with solar hot water systems (Seddegh et al., 2015). 
Additional techniques include integrated phase change material storage vessel and 
integrated phase change material solar collector storage (Seddegh et al., 2015).  
 As noted by Seddegh et al. (2015), integrated phase change material storage 
vessel is the most widely applied technique and involves the integration of phase change 
material energy storage inside the water reservoir (Seddegh et al., 2015). This method has 
proven to maintain the water temperature in the storage reservoir for longer periods of 
time (Seddegh et al., 2015). The integrated phase change material solar collector storage 
technique adds phase change material energy storage inside the collector (Seddegh et al., 
2015). The majority of systems developed using all three of these techniques used flat 
panel solar collectors.  
 Thermal energy storage consists of a medium that is used to store thermal energy 
in the form of heat. As defined by Seddegh et al. (2015), there are three main types of 
thermal energy storage, sensible heat storage, latent heat storage, and thermochemical 
storage. A common example of sensible heat storage is the hot water stored in a 
traditional tank hot water heater. Latent heat storage involves the use of phase change 
materials for thermal energy storage, which uses the latent heat of fusion of a material to 
store energy (Seddegh et al., 2015). To store thermal energy using phase change 
materials, the phase change material is heated or cooled and then stored for later use 
(International Energy Agency-Energy Technology Systems Analysis Programme [IEA-
ETSAP] & IRENA, 2013). This stored thermal energy can be used to heat water, to 
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produce steam to generate electricity, or for cooling when needed (IEA-ETSAP & 
IRENA, 2013).  
 Thermal energy storage is commonly used in large scale concentrating solar 
power plants in order to generate electricity after the sun goes down and to compensate 
for the fluctuations in electricity demand throughout the day (IEA-ETSAP & IRENA, 
2013). The use of thermal energy storage increases the capacity factor of concentrating 
solar power plants by increasing the useful solar thermal energy produced by the plant. 
Large-scale concentrating solar power plants have several hours of thermal storage 
capacity with high temperature molten salts being the most common thermal energy 
storage material. The Solana Generating Station near Gila Bend, Arizona is a large scale 
commercial concentrating solar power plant that uses parabolic trough concentrating 
solar collectors to generate steam to run turbines to produce electric power (NREL, 
2015). The plant has 280 MW of turbine capacity and cost over two billion United States 
dollars to build (NREL, 2015). The Solana plant has six hours of thermal storage capacity 
and uses molten salts as the thermal energy storage material (NREL, 2015).  
 The on-demand solar hot water heater developed for this thesis is similar to the 
Solana Generating Station, albeit on a much smaller scale. The system developed for this 
thesis uses a parabolic trough concentrating solar collector to heat a heat transfer fluid, 
which is then passed through a heat exchanger to heat and melt a low temperature molten 
salt for thermal energy storage to heat water. The addition of phase change material 
energy storage is what allows the system to function as an on-demand solar hot water 
heater similar to electric and gas powered on-demand hot water heaters common in 
residential homes. Figure 4 shows an example of the molten salt used for thermal energy 
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storage in the system developed for this thesis. This image was captured during a test on 
September 19, 2015 and shows the molten salt in both its solid and molten state.  
 
Figure 4. Molten salt used for thermal energy storage. This figure shows an example of 
molten salt used for thermal energy storage. 
 Seddegh et al. (2015) explains that latent heat storage using phase change 
materials is based on the absorption or release of heat when a material changes phase 
from a solid to a liquid (Seddegh et al., 2015). Latent heat storage has much higher 
storage density than sensible heat storage allowing latent heat storage systems to be 
smaller in size with lower storage temperatures (Seddegh et al., 2015). Seddegh et al. 
(2015) states that energy storage densities are five to ten times higher using latent heat 
storage than sensible heat storage (Seddegh et al., 2015). The use of latent heat storage 
will allow the on-demand solar water heater developed for this thesis to store a larger 
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quantity of energy to heat water for a longer period of time than the same type of system 
with sensible energy storage. Seddegh et al. (2015) also outlines several desirable phase 
change material properties that should be evaluated prior to selecting a specific material. 
These properties include the melting temperature, the latent heat of fusion, the specific 
heat, the thermal conductivity, non-toxicity, availability, and cost (Seddegh et al., 2015). 
On-Demand Hot Water Heaters 
 
 In addition to improving upon existing residential scale solar hot water heaters, 
another goal of this thesis was to design a solar hot water heater that could function as an 
on-demand system. On-demand hot water heaters have been around of years, and use 
high-powered burners in combination with a heat exchanger to heat water when needed 
(Consumer Reports, 2008). These systems do not use a storage tank and are capable of 
producing an endless supply of hot water in theory. In addition on-demand tankless water 
heaters are 22 percent more efficient on average than tanked water heaters and can 
deliver significant energy savings over tanked water heating systems according to an 
analysis by Consumer Reports (2008) (Consumer Reports, 2008). The on-demand solar 
water heater developed for this thesis heats water in a similar method to the tankless gas 
powered on-demand water heaters currently available on the market, with one important 
exception. Instead of using natural gas to heat the water, the on-demand solar water 
heater uses thermal energy stored in the phase change material reservoir in combination 
with a heat exchanger to produce hot water. 
Heat Transfer Fluids 
 
 Heat transfer fluids or working fluids are an important component in the operation 
of concentrating solar collectors. Without a working fluid, concentrating solar collectors 
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do not work and have no way to collect the solar energy being concentrated on the 
absorber. The selection of a heat transfer fluid varies by application as well as the 
operating range of the concentrating solar collector. There are a number of heat transfer 
fluids available for concentrating solar applications and are classified by their operating 
range, low, medium, and high temperature fluids (Johnson, 2015). Water is a common 
low temperature heat transfer fluid, and is used in solar hot water applications (Johnson, 
2015). Antifreeze and synthetic oil (also considered a high temperature fluid depending 
on the oil composition) are considered medium temperature fluids, while molten salts and 
steam are considered high temperature working fluids (Johnson, 2015). The concentrating 
solar collector developed for this thesis can be considered a low to medium temperature 
system, and a consumer grade readily available synthetic motor oil was selected as the 
heat transfer fluid. 
Parabolic Trough Collector Design 
 
 To better understand why a parabolic trough was selected for the system outlined 
in this thesis, it is important to understand the components and technology that make up 
parabolic solar troughs. Parabolic trough concentrating solar collectors are a relatively 
simple design that has been around for a number of years with a proven track record 
(IRENA, 2012). Parabolic troughs make up the world’s largest solar power facility at 
Kramer Junction in the Mojave Desert, which is capable of producing 310 megawatts of 
electricity (Nextera Energy Resources, n.d.). Parabolic trough solar collectors consist of 
four primary components, the support structure, the absorber tube, the parabolic mirror or 
reflector, and the solar tracking system (NREL “TroughNet”, n.d.). All four components 
contribute significantly to the operating efficiency of the system.  
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 The support structure or frame forms the backbone of a parabolic trough solar 
collector and serves several purposes. The frame supports both the absorber tube and the 
reflector and maintains the alignment of the absorber tube at the focal line of the 
parabolic trough (NREL “TroughNet”, n.d.). The frame has to provide significant rigidity 
in order to maintain the integrity of the collector structure during regular operation as 
well as weather events (NREL “TroughNet”, n.d.). Finally, the frame works in 
conjunction with the solar tracking system by allowing the collector to rotate to track the 
sun throughout the day (NREL “TroughNet”, n.d.). There are four man types of collector 
designs that exist for large-scale energy production, the LS-2 collector, the LS-3 
collector, the EuroTrough collector, and the Solargenix collector (NREL “TroughNet”, 
n.d.). All four systems have different design parameters that make them unique but are 
primarily classified by the design of the support structure. The LS-2 collector uses a steel 
torque-tube structure that provides torsional stiffness and is easy to assemble but also 
expensive to produce (NREL “TroughNet”, n.d.). The LS-3 is a redesigned version of the 
LS-2 collector and uses a steel bridge truss structure instead of the torque-tube structure 
used on the LS-2 (NREL “TroughNet”, n.d.). The EuroTrough design incorporates 
lessons learned from both the LS-2 and LS-3 designs and uses a steel torque-box design 
(NREL “TroughNet”, n.d.). Finally, the Solargenix collector is made of extruded 
aluminum and provides several advantages over steel designs including easy of assembly 
and reduced weight (NREL “TroughNet”, n.d.). The frame design used to construct the 
collector developed for this thesis is similar to the Solargenix collector design in that it 
uses an aluminum frame made from machined components and aluminum extrusions.   
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 The absorber tube or linear receiver is crucial to the operation of a parabolic 
trough solar collector. The absorber tube is where the concentrated solar energy is 
absorbed by the working fluid and consists of a metal absorber tube encapsulated in a 
non-reflective glass envelope (NREL “TroughNet”, n.d.). The absorber tube is designed 
to maximize absorptivity while minimizing thermal losses to the environment. The 
borosilicate glass envelope is evacuated and helps to protect the absorber tube from the 
elements as well as to minimize thermal losses by reducing the heat transfer rate from the 
absorber tube to the surrounding environment (NREL “TroughNet”, n.d.). 
 The parabolic mirror or reflector is also central to the operation of parabolic 
trough solar collectors. The reflector is used to concentrate the direct or beam component 
of solar radiation on the absorber tube. The reflector is capable of focusing solar radiation 
at 30 to 100 times its normal intensity on the absorber tube, and is the central operating 
principle for parabolic trough concentrating collectors (eia, n.d.). The reflector can be 
made of mirrors or of metal coated with a reflective coating that has a low absorptivity. 
Mirror reflectors are difficult to manufacture and can be very expensive. For small-scale 
collectors such as the one developed for this thesis, coatings or films on sheet metal 
provide sufficient reflectivity at much lower costs.  
 The last major component of parabolic trough solar collectors is the solar tracking 
system. Parabolic trough solar collectors are primarily oriented on a north-south 
horizontal axis and use single axis solar tracking to track the sun throughout the day 
(NREL “TroughNet”, n.d.). Most parabolic trough solar collectors include a motor, motor 
driver, and sensor suite that controls the movement of the solar trough about the center 
axis of the collector (NREL “TroughNet”, n.d.). Accurate solar tracking can have a large 
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impact on the efficiency of a parabolic trough solar collector as with other types of solar 
power systems including photovoltaic systems. 
 Parabolic trough solar collectors represent the ideal design for the system 
developed to complete this thesis, because they are easier to build and provide the 
operating temperatures required to work with molten salt thermal energy storage. Flat 
panel solar concentrators used in existing solar hot water heater designs are not capable 
of collecting sufficient solar energy for thermal energy storage economically and without 
being too large. As presented by Johnson (2015), flat panel solar concentrators have an 
operating range between 60 and 100 degrees Celsius, while parabolic trough solar 
concentrators can have an operating range up to 750 degrees Celsius depending on their 
size and design (Johnson, 2015). The ability to operate at higher temperatures provides a 
significant advantage when using a phase change material that is only capable of storing 
thermal energy in a molten state.  
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CHAPTER 3 
SYSTEM OVERVIEW 
 The on-demand solar water heater developed for this thesis is a prototype, and 
functions as both a proof of concept and as a test bed for future research. The system was 
designed, analyzed, and built over a nine-month period from September 2014 to May 
2015 and is being continually improved based on the results of initial experimental 
testing conducted. Because the system was designed as a proof of concept it is not ready 
to be marketed to consumers in its current state, but is an effective tool to both 
demonstrate the concept of on-demand solar water heaters and the use of phase change 
materials for thermal energy storage on a small scale to heat water. The system was 
developed based on the concept of improving the efficiency and effectiveness of existing 
flat panel solar water heaters by allowing the system to collect and store solar energy as 
thermal energy for use at a time when it is need by the consumer. The use of phase 
change materials for thermal energy storage on the residential scale to heat water has a 
large potential for future research, and therefore requires a test bed that is capable of 
being mobile and easily reconfigurable.  
 The prototype system and each of its subsystems were designed using systems 
engineering principles, starting with decomposing and defining the problem that the 
system is designed to solve. This process involves developing a concept of operations for 
the system, defining the system requirements, and completing the high level design for 
the system. After completing this phase of the design process the detailed design phase 
was started which will be discussed in detail in Chapter 5. Figure 5 shows the V-Model 
for systems development (Federal Highway Administration, n.d.), and outlines the 
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process used to develop and test the proof of concept system designed to complete this 
project. The V-Model is an extremely useful tool for product development, and provides 
a clear and concise order of operations to be followed in order to develop a system that 
functions as designed and solves the problem at hand. In addition, the use of systems 
engineering principles in the development of the proof of concept system allowed for the 
system to be designed with the end result in mind, a functioning system capable of 
collecting solar energy and transferring that energy to a phase change material for 
thermal energy storage, from the start of the project before any design work was 
conducted.  
 
Figure 5. V-Model for systems development (Federal Highway Administration, n.d.). 
This figure illustrates the systems engineering development process. 
 The concept of operations for the system are to collect solar energy using a 
concentrating solar collector, transfer the collected solar energy to a phase change 
material for storage as thermal energy, and to use that stored thermal energy to heat water 
on-demand. This concept of operations is similar to large scale concentrating solar power 
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plants that collect and store solar energy as thermal energy to create steam and generate 
electric power on a much smaller scale. Based on the concept of operations defined for 
the systems, the system requirements were determined. The system requirements for the 
on-demand solar water heater are as follows: 
 
1. The system must be capable of concentrating and collecting solar energy to heat a 
heat transfer fluid to temperatures above 90 degrees Celsius.  
2. The system must be capable of transporting the heat transfer fluid throughout the 
system.  
3. The system must be capable of transferring the collected thermal energy from the heat 
transfer fluid to the phase change material for thermal energy storage. 
4. The system must be capable of heating water on-demand using thermal energy stored 
in the phase change material. 
5. The system must be capable of storing thermal energy for an extended period of time. 
6. The system must operate with minimal thermal losses. 
7. The system must be able to withstand elevated temperatures for long durations of 
time. 
8. The system should be designed for longevity including resistance to corrosion. 
9. The system must be designed for manufacturability. 
10. The system must be self contained and mobile for testing. 
 Based on the concept of operations developed for the system and the system 
requirements, the high-level design phase of the project was completed in order to 
determine the required subsystems and their purpose. During the high-level design phase 
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of this project four major subsystems were identified for the system. These four major 
subsystems include the parabolic trough solar collector, the phase change material 
reservoir, the heat transfer fluid reservoir, and the plumbing system that includes a pump 
for the heat transfer fluid. This type of solar hot water heater is classified as an active 
circulation system because it uses a pump to circulate the working fluid (Seddegh et al., 
2015). Figure 6 shows a diagram of the system and includes the major subsystems 
discussed previously. Figure 6 also shows the direction of thermal losses for each of the 
major subsystems, as well as where solar thermal energy enters the systems. Finally, 
Figure 6 shows the flow path for the heat transfer fluid and the flow direction and 
temperature difference for the incoming and outgoing water streams.  
 
Figure 6. On-demand solar hot water heater system diagram. This Figure illustrates the 
layout of the system’s major components. 
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 All four major subsystems, the parabolic trough solar collector, the phase change 
material reservoir, the heat transfer fluid reservoir, and the plumbing subsystem, are 
crucial to the operation of the system based on the system’s concept of operations and the 
system requirements. To achieve the system requirements, the high-level design for the 
system was determined prior to conducting the detailed design and hardware 
development process for each of the subsystems and their required components. The 
parabolic trough solar collector was designed to minimize weight, provide the required 
rigidity to maintain its structural shape, and withstand environmental conditions, while 
achieving a high concentration ratio and effective heat transfer rate into the collector tube 
and the heat transfer fluid. The phase change material reservoir was designed to 
withstand the elevated operating temperatures of the phase change material in its molten 
state and to withstand the corrosive environment that might occur with the use of a 
molten salt as the phase change material. The phase change material reservoir must be 
well insulated to minimize thermal losses to the environment and maintain the phase 
change material temperature for extended periods of time when the collector is not in 
operation. The phase change material reservoir was also designed to include two heat 
exchangers, one for water and one for the heat transfer fluid in order to transfer thermal 
energy to the phase change material and to heat water.  
 The heat transfer fluid reservoir was designed to store the heat transfer fluid 
during the operation of the system at elevated temperatures. The plumbing system was 
designed to be easily reconfigurable and to transport the heat transfer fluid throughout the 
system efficiently with minimal thermal losses through the use of insulation. The 
plumbing system also includes a pump to drive the heat transfer fluid through the system. 
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Finally, the plumbing system includes instrumentation to monitor the temperature of the 
heat transfer fluid throughout the system as well as the flow rate of the heat transfer fluid. 
Following the completion of the high-level design phase for the system, the detailed 
design phase was started including the development of a theoretical mathematical model 
to analyze the operation of the system. The analysis was completed simultaneously with 
the design of the subsystems and the hardware components. The analysis is outlined in 
Chapter 4 and as previously noted the detailed design of the subsystems and the hardware 
components is documented in Chapter 5. 
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CHAPTER 4 
ANALYSIS 
 In order to evaluate the operation and feasibility of the prototype on-demand solar 
water heater, a deterministic mathematical model was created using MATLAB. The 
model was designed to be easily adaptable in order to evaluate different configurations 
for such a system. The mathematical model was created by breaking the system into 
smaller subsystems that were modeled using equations and methods from the Heat 
Transfer Analysis and Modeling of a Parabolic Trough Solar Receiver Implemented in 
Engineering Equation Solver technical report from the National Renewable Energy 
Laboratory by Forristall as well as the Fundamentals of Heat and Mass 
Transfer textbook. After developing the model, input solar flux and temperature data 
from Mesa, Arizona was used to run multiple simulations to analyze the system. 
Additional input parameters were sourced from the Fundamentals of Heat and Mass 
Transfer textbook, the National Renewable Energy Laboratories technical report, and 
from material data sheets provided by ExxonMobil and Entropy Solutions. 
Data and Methods 
 The overall goal of the analysis portion of this thesis was to develop a descriptive 
mathematical model in MATLAB that would determine the feasibility of the prototype 
on-demand solar water heater. In the United States a typical family of four uses between 
80 and 120 gallons of hot water per day according to Solar-Estimate (Solar-Estimate, 
2015). This hot water is used for shaving, bathing, washing clothes and dishes, as well as 
for a number of other purposes. In order to produce hot water, the United States 
Department of Energy suggests that incoming cold water supplied to the house must be 
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heated to 49 degrees Celsius from an incoming cold-water temperature of approximately 
15 degrees Celsius (United States Department of Energy, n.d.). Heating water from 15 to 
49 degrees Celsius requires between 12 and 18 kilowatt-hours of energy per day 
depending on the quantity of hot water used. This energy must be supplied entirely by the 
solar radiation collected in the concentrating solar collector and transferred to the phase 
change material. Because the prototype system is designed to provide hot water on a 
daily basis, the mathematical model was developed to simulate the energy collected and 
stored by the system throughout a typical day. While the prototype system is not designed 
to heat the quantity of hot water required by a family of four per day, it is important to 
note the operating requirements of a future commercial grade system. 
 To run the simulation using the mathematical model of the system created in 
MATLAB, two data sets were required. The two input data sets required to run the 
analysis of the system were the ambient temperature and solar flux, obtained from a 
weather station located on the Arizona State University Polytechnic Campus. The 
weather station is located at the Salt River Project and Arizona State University Solar 
Water Test Facility and is used in support of a Salt River Project research project to 
evaluate the performance of residential solar hot water heaters. The data set obtained 
from the weather station included ambient temperature and solar flux for the months of 
April, May, June, July, August, September, October, and November. The data set for 
December through March was not available from the weather station. The data set 
contains temperature and solar flux measurement in one-minute increments over the 
duration of each month, resulting in 1,440 data points per day or approximately 40,000 
data points per month for both ambient temperature and solar flux. Because of the 
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extremely large size of the data set, the data for each day was averaged over the course of 
each month to create an average day with an ambient temperature and solar flux value for 
each minute of the average day. The ambient temperature data was used to analyze the 
thermal losses for the system as well as to determine the starting temperature for the heat 
transfer fluid. Figure 7 shows a plot of the ambient temperature data for an average day 
for each month analyzed using the mathematical model. 
 
Figure 7. Time of day versus ambient temperature. This figure shows the variation in 
ambient temperature over a typical day for the eight months analyzed. 
 The solar flux data set represents the more important of the two data sets used to 
conduct the theoretical analysis of the system. The solar flux data set was used to 
determine the amount of solar energy collected by the system and subsequently 
transferred to the phase change material for thermal energy storage. Without this data set 
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it would not have been possible to conduct the theoretical analysis of the system. Figure 8 
shows a plot of the solar radiation data for an average day for each month analyzed using 
the mathematical model. 
 
Figure 8: Time of day versus solar flux. This figure shows the variation in solar flux over 
a typical day for the eight months analyzed. 
 For Figures 7 and 8 it is important to note that both plots have time on the x-axis 
in units of hours in military time with temperature in Kelvin and solar flux in W/m2 on 
the y-axis for Figures 7 and 8 respectively. Both figures provide valuable insight into the 
times of year in which the system can be expected to perform at its peak efficiency, and 
which months the system will suffer from lower available solar radiation due to shorter 
days and the change in season. For example, from the plots one can conclude that the 
system will perform much better in June than in November without further analysis. 
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 The mathematical model for the on-demand solar water heater is deterministic in 
nature, even though weather could be considered random. Weather can be treated as 
deterministic without significant issue because weather is consistent enough to where its 
patterns can be predicted accurately. Several additional non-random, meaning they do not 
change overtime, input parameters were obtained to complete the analysis of the system 
from the Fundamentals of Heat and Mass Transfer textbook. As noted in previous 
chapters of this report, the system developed for this project uses a parabolic trough solar 
collector in combination with a heat transfer fluid and phase change material both stored 
in separate reservoirs. The system works by collecting and concentrating solar radiation 
using the parabolic trough solar collector and subsequently transferring that collected 
solar energy to the heat transfer fluid that is pumped though the absorber tube in the 
collector. The hot heat transfer fluid is then passed through a heat exchanger in the phase 
change material reservoir to transfer thermal energy to the phase change material for 
storage. After the heat transfer fluid leaves the heat exchanger, it is pumped into a storage 
reservoir and subsequently re-circulated through the system. In the mathematical model 
the system was run as a closed loop as it would in the real world, allowing the mean 
temperature of the heat transfer fluid to increase over time. 
 A difficulty with modeling the solar on-demand water heater was the non-steady 
state nature of the system. The system is non-steady state because the temperature of the 
heat transfer fluid and phase change material as well as the solar radiation are dynamic in 
nature and vary drastically over the course of a typical day. In order to simplify the 
mathematical model of the system, the Quasi-steady state method was used to analyze the 
system in minute iterations. One-minute iterations were used because the input data used 
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to analyze the system was only available per minute. However, based on the flow rate of 
the heat transfer fluid through the system it was possible for the heat transfer fluid to take 
more than one minute to circulate through the entire system. In order to solve this issue, 
different time iterations were used to evaluate the change in temperature of the heat 
transfer fluid flowing into and out of the heat transfer fluid reservoir based on the time 
required to circulate the heat transfer fluid through the system for a given mass flow rate. 
 A descriptive modeling technique was used to model the system using known 
variables and equations, to determine the temperature and change in thermal energy 
throughout the system. It is important to note that the results using this method will only 
provide an approximation for the performance of the prototype system, but will be 
valuable in determining the expected operating conditions and for evaluating future 
optimization. After completing the fabrication of the system, several tests were conducted 
to assess the performance of the prototype system and subsequently compared against the 
theoretical results obtained from the mathematical model. The analysis and design of the 
system were conducted in parallel due to the time constraints placed on the project by the 
project funding cycle established by the university and original project sponsor the Salt 
River Project. Finally, the mathematical model for the system was designed to be flexible 
and reconfigurable in order to align with the proof of concept and test bed function of the 
prototype system. 
 To analyze the system in the most efficient way possible and to allow for 
adaptability to design changes, the MATLAB model of the system was broken into 
subsystems for analysis. These four main subsystems mirror the subsystems outlined in 
Chapter 3, and include the parabolic trough solar collector, the heat transfer fluid 
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plumbing system, the phase change material reservoir, and the heat transfer fluid 
reservoir. The equations used to analyze each subsystem and the analysis process for each 
subsystem are outlined in the next subsections. 
Parabolic Trough Analysis 
 The parabolic trough solar collector analyzed for the mathematical model and 
built for the prototype system consists of a parabolic trough with an aperture length or 
collector width of 1.219 meters and an overall length of 2.438 meters. The absorber tube 
for the system consists of an 8.5-centimeter diameter borosilicate glass envelope encasing 
a two-inch (5.4-centimeter) diameter copper tube that is coated to maximize its 
absorptivity. Figure 9 shows a diagram of the absorber tube including the glass envelope 
and copper tube as well as the orientation of incoming solar radiation. 
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Figure 9. Diagram of the collector absorber tube. This figure shows the basic 
configuration of the absorber tube and the direction of solar radiation into the absorber 
tube. 
 To determine the amount of solar radiation that could be collected by the solar 
collector and the thermal energy that could then be transferred to the heat transfer fluid in 
the absorber tube, the model for the solar collector was created by adapting methods 
developed by Forristall for the National Renewable Energy Laboratories. These methods 
are outlined in the Heat Transfer Analysis and Modeling of a Parabolic Trough Solar 
Receiver Implemented in Engineering Equation Solver technical report. The total thermal 
energy transferred to the heat transfer fluid by the collector during each minute of 
operation was determined using the following equations. 
Equation 4.1: Collector tube heat transfer energy balance assuming no losses (Forristall, 
2003, p. 6). q′!"# = q′!"#! = q′!"#$ 
The radiation absorbed by the collector tube is equal to the conduction heat transfer 
through the wall of the collector tube and the convection heat transfer into the heat 
transfer fluid. Thermal losses are accounted for using an assumed efficiency factor for the 
absorber tube. 
Equation 4.2:  Radiation heat transfer per unit length absorbed by the glass envelope 
(Forristall, 2003, p. 19). q′!"# = q′!" ∗ η!"# ∗ α!"# 
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q!!" = solar radiation per unit length, obtained by multiplying the incoming solar flux by 
the aperture area of the solar collector, η!"# = estimated optical efficiency of the glass 
envelope, α!"# = absorptivity of the glass envelope 
Equation 4.3: Estimated optical efficiency of the glass envelope (Forristall, 2003, p. 19). η!"# = ε ∗ ρ!" ∗ K 
ε = estimate of effective optical efficiency, ρ!" = mirror reflectance of the solar trough, K 
= incident angle modifier 
Equation 4.4: Incident Angle Modifier (Forristall, 200, p. 18). K = cos θ + 0.000884 ∗ θ− 0.00005369 ∗ θ! θ = Solar incident angle 
Equation 4.5: Radiation heat transfer per unit length absorbed by the collector tube 
(Forristall, 2003, p. 19). q′!"# = q′!" ∗ η!"# ∗ α!"# η!"# = estimated optical efficiency of the collector tube, α!"# = absorptivity of the 
collector tube 
Equation 4.6: Estimated optical efficiency of the collector tube (Forristall, 2003, p. 19). η!"# = η!"# ∗ τ!"# τ!"# = transmittance of the glass envelope 
 After determining the thermal energy transferred to the heat transfer fluid using 
Equations 4.1 through 4.6, Equation 4.7 was used to calculate the temperature, at each 
minute, of the heat transfer fluid at the collector exit based on the mass flow rate of the 
heat transfer fluid in the system. The temperature of the heat transfer fluid at the exit of 
the collector is critical to the analysis of the rest of the system. 
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Equation 4.7: Simplified Steady-Flow Thermal Energy Equation (Bergman, Incropera, 
Lavine, & Dewitt, 2011, p. 17). Q = m ∗ c! ∗ T!"# − T!"  (W) 
q = heat transfer rate (W), m = mass flow rate (kg/s), cp = Specific Heat (J/kg*k), T = 
Temperature (K) 
Plumbing Subsystem Analysis 
  
 The plumping subsystem for the heat transfer fluid consists of three main sections 
where the heat transfer fluid is carried between subsystems and exposed to ambient air 
where thermal losses from the pipe occur. These sections include one meter of tubing 
from the exit of the collector to the entrance of the phase change material reservoir, 0.5-
meters of tubing from the exit of the phase change material reservoir to the entrance of 
the heat transfer fluid reservoir, and one meter of tubing from the exit of the heat transfer 
fluid reservoir to the entrance of the solar collector. In the model, each section of tubing 
is analyzed to determine the mean temperature at the exit of the section and the entrance 
of the next subsystem. For this portion of the analysis, Equation 4.8 was used and 
requires the thermal resistance of the ambient air. For this analysis an approximation for 
the thermal resistance of the ambient air was used.  
Equation 4.8: Equation for the situation where heat transfer between fluid flowing over a 
tube and fluid passing through the tube is occurring (Bergman et al., 2011, p. 535). 
ΔT!ΔT! = T! − T!,!T! − T!,! = exp − 1m ∗ c! ∗ R!"!  T! = free stream temperature of an external fluid (K), T!,! = outlet mean temperature 
(K), T!,! = inlet mean temperature (K), R!"! = total resistance (K/W) 
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 In order to determine the internal surface temperature of the tubing, it was 
assumed that the surface temperature was the same as the average temperature of the 
fluid in the tubing. Using this assumption, a form of fixed-point iteration, outlined in 
Equation 4.9, was used to solve for the thermal resistance of the fluid.  
Equation 4.9: Fixed-Point Iteration Method (Gilat & Subramaniam, 2008) x! + 1 = g x!  
 This analysis method is started by assuming the internal fluid temperature to be 
equal to the average temperature of the fluid at the entrance to the section of tubing. The 
fixed-point method then runs through a loop, each time correcting the average 
temperature of the internal fluid until the values converge at the real value. After 
completing the loop, the exit temperature of the fluid can be determined. 
Phase Change Material Reservoir Analysis 
 
 The model for the phase change material reservoir was designed to calculate two 
output temperatures, the temperature of the heat transfer fluid exiting the reservoir and 
the temperature of the phase change material after each iteration. It is important to note 
that this subsystem includes the heat exchanger used to transfer thermal energy from the 
heat transfer fluid to the phase change material. Equation 4.8 is used to solve for the 
temperature of the heat transfer fluid at the heat exchanger exit, using the temperature of 
the phase change material from the previous iteration. After the exit temperature of the 
heat transfer fluid from the heat exchanger is obtained, Equation 4.7 is used to solve for 
the thermal energy transferred to the phase change material. Simple Numerical 
integration is then used to determine the total thermal energy transferred to the phase 
change material over 60 seconds. This value is then used to determine the temperature of 
 37  
the phase change material for the next iteration using Equation 4.10. 
Equation 4.10: Thermal Energy Into Mass Equation (Bergman et al., 2011, p. 17). 
E = m ∗ c! ∗ T!"# − T!"  (J) 
E = thermal energy transferred (J), m = mass (kg) 
 To determine the convection resistance of the phase change material in the molten 
state using equation 4.11, the phase change material Rayleigh number was calculated 
using Equation 4.12 in order to solve for the Churchill and Chu Correlation (Equation 
4.13) to determine the Nusselt Number for the phase change material in the molten state.  
Equation 4.11: Heat transfer coefficient for fluid flow (Bergman et al., 2011, p. 613). 
h = N!! ∗ kD 
Equation 4.12: Rayleigh number (Bergman et al., 2011, p. 605). 
R!! = g ∗ β ∗ T! − T! ∗ D!ν ∗ α = G!! ∗ P! 
g = gravity (9.81 m/s2), β = coefficient of thermal expansion (K-1), Ts = surface 
temperature (K), ν = kinematic viscosity (m2/s) α = absorptivity (m2/s), G!!=Grashof 
Number 
Equation 4.13: Churchill and Chu Correlation (Bergman et al., 2011, p. 613). 
N!! = 0.60+ 0.387 ∗ R!!!/!1+ 0.559/Pr !/!" !/!" ! R!! = Rayleigh number, Pr = Prandtl Number 
Heat Transfer Fluid Reservoir Analysis 
 
 To simplify the analysis for this subsystem the temperature of the fluid in the 
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reservoir is modeled as steady state for the number of iterations it takes for the heat 
transfer fluid to leave the reservoir and be replaced. This assumption allows for the fluid 
in the system to be cycled without mixing the fluid in the reservoir in order to setup an 
approximation. To solve for the new temperature in the reservoir after the required 
number of iterations, the temperature of the heat transfer fluid at the reservoir entrance is 
used to determine the new exit temperature of the reservoir. The new exit temperature is 
solved for using the input temperature and plane wall resistance using Equations 4.14, 
4.15, and 4.16.  
Equation 4.14: Heat transfer rate calculation using thermal resistance (Bergman et al., 
2011, p. 116). 
q = ΔTR!!"!#$ 
R!!"!#$ = total thermal resistance (K/W), ΔT = change in temperature (K) 
Equations 4.15 and 4.16: Thermal resistance for a plane wall (Bergman et al., 2011, p. 
114-115). R!!"#$   =    !!∗!, R!!"#$ = !!∗! 
h = convection heat transfer coefficient (W/m2K), L = length of the wall segment (m), A 
= surface area (m2), k = thermal conductivity (W/mK) 
 This exit temperature is then used to determine the new solar collector input 
temperature after accounting for the thermal losses in the tubing from the exit of the 
reservoir to the entrance of the collector. 
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Theoretical Results and Analysis 
 For the analysis run using the mathematical model of the system outlined 
previously, the heat transfer fluid was assumed to absorb only a portion of the solar 
energy concentrated on the absorber tube, using a thermal efficiency factor of 50 percent 
for the absorber tube. The use of a thermal efficiency factor for the absorber tube allowed 
the mathematical model to more accurately represent the prototype collector. This is 
important in order to evaluate the amount of thermal energy that could be transferred to 
the phase change material under normal operating conditions. The region between the 
glass envelope and the collector tube was analyzed as a vacuum to minimize the heat lost 
by the collector tube to the surrounding environment. For this analysis as well as for the 
proof of concept prototype, Mobil 1 5W-20 Synthetic motor oil was used as the heat 
transfer fluid. The material properties for Mobil 1 were sourced from Exxon Mobil’s 
digital data sheet for Mobil 1 5W-20 (Exxon Mobile, 2015). The system was analyzed 
using a mass flow rate of 0.25 kilograms per second for the heat transfer fluid. This mass 
flow rate allowed for the maximum amount of energy to be absorbed by the oil without 
dropping below a mass flow rate that would be too low for a continuous duty oil pump. 
Because there is no heat transfer fluid being lost during the operation of the system, the 
mass flow rate throughout the system is constant. 
 Figures 10 and 11 show the variation in the solar radiation hitting the collector, 
per the input data described previously, and the variation in solar thermal energy 
concentrated by parabolic trough solar collector and transferred to the heat transfer fluid. 
This variation accounts for the efficiency of the collector, which can be calculated by 
dividing the thermal energy absorbed by the heat transfer fluid by the solar radiation 
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hitting the collector. Both the solar energy available and thermal energy collected are 
graphed per minute beginning at 10:00 AM and ending at 4:00 PM for the months of June 
and November respectively. For the data set analyzed, June and November represent the 
maximum and minimum months for solar thermal energy collection respectively and 
therefore represent the months where the maximum and minimum amount of water can 
be heated on demand as shown in Table 1. In Figure 10 for June, over 2800 Watts of 
solar radiation hits the collector at the peak for the day and under 1100 Watts are actually 
transferred to the oil. A similar pattern can be seen in Figure 11 for November, where 
approximately 1700 Watts of solar radiation hits the collector and less than 700 Watts are 
collected and transferred to the oil. This results in a collector efficiency of approximately 
37 percent for both months. Additional figures produced from the results of this analysis 
are included in Appendix A for the months of April through October, excluding June. 
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Figure 10. Solar energy available versus thermal energy collected in June. This figure 
shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the heat transfer fluid over the course of the operating period.  
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Figure 11. Solar energy available versus thermal energy collected in November. This 
figure shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the heat transfer fluid over the course of the operating period.  
 The results show the proper trend for what should be expected from a real world 
test. After exiting the solar collector, the heat transfer fluid is passed through 0.5-inch 
(1.27-centimeter) diameter stainless steel tubing with 0.0508 meters of fiberglass pipe 
insulation to prevent heat loss to the ambient air in the analysis. The model of the system 
contains 2.5 meters of insulated piping that is used to transport the oil between the 
various subsystems that make up the solar water heater. The heat loss from the pipe was 
analyzed as a radial system assuming radial heat transfer using Equations 4.17 and 4.18.  
Equation 4.17 and Equation 4.18: Thermal resistance in a cylinder (Bergman et al., 2011, 
p. 115 & 137). 
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R!!"#$   =    !!∗!∗!∗!∗!, R!!"#$ = !" !! !!!∗!∗!∗!  
h = convection heat transfer coefficient (W/m2K), L = length of the wall segment (m), r = 
radius (m), k = thermal conductivity (W/mK) 
 In the model heat is transferred out of the pipe through convection from the hot 
heat transfer fluid to the surface of the pipe, conduction through the wall of the pipe and 
insulation, and finally convection to the cooler ambient air. The heat lost over the length 
of each section of stainless steel tubing was calculated using thermal resistance and the 
temperature difference between the heat transfer fluid and ambient air. The temperature 
difference through the system’s plumbing was determined to be minimal. 
 After exiting the solar collector the heat transfer fluid enters the phase change 
material reservoir. In the model the heat transfer fluid is passed through 2.054 meters of 
316 stainless steel tubing embedded within the phase change material, which acts as a 
heat exchanger to transfer thermal energy from the heat transfer fluid to the phase change 
material. In addition to the heat exchanger for the heat transfer fluid, the phase change 
material reservoir also contains a separate identical heat exchanger for transferring 
thermal energy stored in the phase change material to water. PureTemp 68, a molten salt 
produced by Entropy Solutions, was used in the analysis as well as the prototype system. 
PureTemp 68 is a cost effective and stable energy storage material that melts at a 
temperature of 68 degrees Celsius and is capable of storing up to 213 Joules of energy per 
gram (Entropy Solutions, n.d.). Based on the initial results of the analysis of the solar 
collector, this molten salt was determined to be the best phase change material to use 
because of its stability and melting point. The material properties for PureTemp 68 were 
sourced from the data sheet produced by Entropy Solutions for PureTemp 68. 
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 The performance of the phase change material reservoir subsystem is crucial for 
the solar water heater to function as an on-demand system. While the system is designed 
to heat water, its primary function is to transfer thermal energy to the phase change 
material. To that end the model was designed to evaluate the heat transferred from the 
heat transfer fluid to the phase change material as well as the change in temperature of 
the phase change material over time. Figures 12 and 13 show the total heat transferred to 
the phase change material while the system is in operation, with each data point graphed 
per minute for the months of June and November respectively.  
 
Figure 12. Total heat transferred to the phase change material (PCM) for June. This 
figure shows the rate of thermal energy transfer to the phase change material over the 
course of the operating period. 
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Figure 13. Total heat transferred to the PCM for November. This figure shows the rate of 
thermal energy transfer to the phase change material over the course of the operating 
period.  
 As expected based on the results shown in Figures 12 and 13, the heat transferred 
to the phase change material is more than double in June compared to November. After 
leaving the phase change material reservoir, the heat transfer fluid again enters a section 
of insulated tubing as discussed previously before entering the heat transfer fluid 
reservoir. For this analysis, the heat transfer fluid reservoir was a square cube filled with 
27.79 kilograms of Mobile 1 5W-20 synthetic motor oil. The reservoir is constructed 
using 0.32-centimeter thick 316 stainless steel walls, with 1.27 centimeters of urethane 
foam insulation to prevent heat loss through the reservoir walls. The oil reservoir is 
designed to conserve the thermal energy captured by the solar collector and transferred to 
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the heat transfer fluid in the absorber tube that is not lost over the length of the insulated 
pipe or transferred to the phase change material. The reservoir also provides sufficient oil 
storage capacity to ensure that the absorber tube and plumbing system are always filled. 
Figures 14 and 15 show the variation in the maximum temperature of the oil at the exit of 
the solar collector for typical days in June and November respectively.   
 
Figure 14. Variation in temperature of the heat transfer fluid (HTF) in June. This figure 
shows how the temperature of the oil in the system varies over the course of the operating 
period.  
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Figure 15. Variation in temperature of the HTF in November. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period.  
 The heat transfer fluid in the system is assumed to start at the same temperature as 
the ambient air for both months, and allowed to rise throughout the day. The model was 
designed to ensure that the oil temperature never exceeds 230 degrees Celsius, the flash 
point of the heat transfer fluid used, at any point in the system. The oil reaches its highest 
maximum temperature of 130.2 degrees Celsius in June and its lowest maximum 
temperature of 72.0 degrees Celsius in November. The oil reservoir is a key component 
in an optimized system since it allows for excess thermal energy that cannot be 
transferred to the phase change material to remain in the system. 
Discussion of Theoretical Results 
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 The results outlined and analyzed previously and the additional figures provided 
below, indicate that the system is able to collect and store thermal energy using latent 
heat by melting a molten salt phase change material. This means that the prototype design 
of the solar on-demand hot water heater is feasible, and that it may be possible to produce 
the required hot water for a household with optimization and scaling in several key areas. 
Given that the purpose of this thesis is to develop a prototype on-demand solar hot water 
heater for future research, not a commercially viable system, these results are important 
and show that the system as designed will be capable of fulfilling the goals for this thesis. 
The prototype system built to experimentally test the operation of such a system is 
outlined in Chapter 5, and closely matches the configuration modeled and analyzed as 
described previously with some minor changes. Table 1 outlines the key output 
parameters for the system from the simulations carried out for each month analyzed using 
the mathematical model.   
Table 1 
 































April 0.25 18630 2712.3 110.1 108.3 5.1 
May 0.25 20271 2957.8 122.7 120.8 5.6 
June 0.25 20705 3077.3 130.2 128.3 5.8 
July 0.25 17760 2556.3 115.5 113.9 4.8 
August 0.25 16354 2328.8 109.4 108.0 4.4 
September 0.25 16192 2353.0 107.7 106.2 4.5 
October 0.25 14767 2171.5 94.9 93.4 4.1 
November 0.25 10724 1573.1 72.0 70.9 3.0 
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 The pertinent statistics from Table 1 include the total heat transferred to the oil by 
the solar collector, the total heat transferred into and stored by the molten salt, and the 
maximum amount of hot water produced by the system. All values included in the table 
where evaluated over the course of an average day for each month as described 
previously. This table shows that the system in its current configuration is a feasible 
system for development as both a proof of concept and as a test bed for future 
experiments. The table does show that the system is capable heating between three and 
six gallons of incoming cold water from 15 degrees Celsius to 49 degrees Celsius per 
day. The quantity of hot water produced is based on the energy required to heat one 
gallon of hot water by 34 degrees Celsius and the total energy stored by the system in the 
phase change material. For this analysis it was assumed that the molten salt transfers 100 
percent of its available energy to the water. This is not accurate in reality, but provides 
for an important benchmark from which future optimization can be implemented.  
 Although the system is indeed capable of producing hot water, the quantities are 
well below the 80 to 120 gallons of hot water used by a typical household per day (Solar-
Estimate, 2015). Finally, Table 1 also reaffirms the analysis of the results for the change 
in temperature of the heat transfer fluid discussed previously. The heat transfer fluid 
temperature drop across the entire system is minimal indicating that the heat exchanger 
system used to create this model has room for optimization and that the heat transfer fluid 
may not have enough dwell time in the heat exchanger. The majority of the energy 
captured by the system remains in the oil and is not transferred to the phase change 
material. However, it is important to note that the system will continue transferring 
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thermal energy from the heat transfer fluid to the phase change material well after the sun 
has set as long as the temperature difference between the heat transfer fluid and the phase 
change material remains high enough to facilitate heat transfer. 
 Figures 16 and 17 show the change in temperature of the phase change material 
while the system is in operation, with each data point graphed per minute for the months 
of June and November respectively. In order for the system to store thermal energy, the 
molten salt in the phase change material reservoir must first be melted. As Figure 16 
shows, the system is capable of reaching the melting temperature of the PureTemp 68 
molten salt used in this analysis during certain months. 
 
Figure 16. Variation in temperature of the PCM in June. This figure shows the change in 
temperature of the phase change material over the course of the operating period. 
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Figure 17. Variation in temperature of the PCM in November. This figure shows the 
change in temperature of the phase change material over the course of the operating 
period. 
 It is important to note that the phase change material temperature shown in 
Figures 16 and 17 is the average for the entire reservoir. It can be assumed that the 
molten salt will reach higher temperatures and melt in local areas near the heat exchanger 
first. These figures again reaffirm that an on-demand solar hot water system is viable and 
that the system can be further optimized to store a larger quantity of thermal energy and 
in turn produce a larger quantity of hot water. 
 The results of the analysis show that a prototype system similar to the system 
analyzed will function. As is true with any solar powered system, there are limitations in 
the energy that can be collected based on weather and location. Arizona would be an 
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ideal place to operate this type of water heater due to the abundance of sunshine. The 
theoretical results from this analysis are compared against the experimental results from 
testing conducted on the prototype system in Chapter 7. Finally, Appendix B contains an 
analysis that outlines the optimal sizing of the system for commercialization. 
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CHAPTER 5 
DETAILED DESIGN 
 As previously outline in Chapter 3, the on-demand solar water heater developed 
for this project is a prototype, and was designed, analyzed, and built over a nine-month 
period. The system was designed to be both mobile and easily reconfigurable in order to 
facilitate ease of testing and the implementation of design changes and improvements. As 
with the mathematical model developed to analyze the system, the design of the system 
can be broken down into several subsystems. These subsystems include the solar 
collector, phase change material reservoir, heat transfer fluid reservoir, and plumbing 
system outlined previously as well as the platform that the system is built on. This 
platform is designed to support all of the subsystems in a self-contained unit that is 
mobile for testing. This proved to be very beneficial during the experimental tests 
conducted with the system outlined in Chapter 6. To complete the design of the system in 
the time required, the design process was conducted in conjunction with the analysis 
process and major subsystems were built individually as their design was finalized. This 
chapter outlines the detailed design of each subsystem, as well as the hardware 
development process for each subsystem. 
Solar Collector Design 
 The first major subsystem to be designed and fabricated was the parabolic trough 
solar collector. The solar collector is the largest and most complex subsystem within the 
on-demand solar water heater, and drove the design of the remainder of the system. The 
parabolic trough designed and fabricated for the proof of concept prototype was adapted 
from a previous undergraduate capstone project at Arizona State University. The 
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parabolic trough solar collector was originally built for the purpose of solar thermal 
augmentation in a commercial power plant. As outlined in the Chapter 5, the parabolic 
trough solar collector consists of a parabolic trough with an aperture length or collector 
width of 1.219 meters and an overall length of 2.438 meters. The trough frame was 
constructed using machined aluminum brackets that incorporated a support structure for 
the absorber tube as well as features to maintain the geometry of the rolled sheet metal 
parabola. The existing solar collector was designed for use with water and used a 
stainless steel absorber tube. Several features had to be redesigned in order to modify the 
existing solar collector for use in the prototype system. Figure 18 shows the parabolic 
trough solar collector prior to modification.  
 
Figure 18. Existing parabolic trough solar collector. This figure shows the existing 
parabolic trough solar collector prior to modification. 
 Among the features that had to be modified or redesigned was the reflective 
coating that was applied to the trough. Although the coating was highly reflective, it had 
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degraded over time and was damaged and delaminated in several areas. To fix this, the 
existing film was removed and the trough surface was sanded and prepared for the 
application of a two-millimeter thick double side mirror aluminized Mylar film. This 
sheeting has a near mirror finish and is advertised with 97 percent reflectivity, a three 
percent improvement over the existing film. Although not designed for this application, 
this type of film is much easier to source than films that are used on industrial scale 
systems because manufacturers typically require orders in hundreds of square feet to be 
placed.  
 As Figure 18 shows, the parabolic trough and the absorber tube in the existing 
collector design were fixed together and could not rotate independently. To solve this 
issue, computer aided design (CAD) models of the collector and the support frame were 
created. These models were instrumental in the redesign of the collector, and provided for 
the creation of multiple designs as well as engineering drawings for the system that were 
later used as a portion of work instructions for fabrication. Using the CAD models 
created for the existing support frames, new adaptor brackets were designed to support 
the absorber tube. The adaptor brackets were designed to replace the eyelets on the 
existing support frame without major modifications and without compromising the shape 
of the parabolic trough. Two different adaptor brackets were designed, one set for each 
end of the collector and one for the center support. Both types of adaptor brackets 
incorporated several important design features. The brackets for the end supports 
incorporated geometry for mounting a cylindrical roller bearing that allows the trough 
and support frame to rotate independently of the absorber tube, eliminating the need for 
complex and expensive fittings that could rotate with the collector tube. The end support 
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adaptor brackets also incorporate a milled slot to support the borosilicate glass envelopes 
outlined in the previous chapter and a channel at the bottom with through holes used to 
bolt the adaptor brackets to the modified frame. The center support adaptor bracket is 
slightly different in design and does not incorporate a roller bearing. Instead this bracket 
has milled slots on both sides to support each section of the borosilicate glass envelope. 
 Both sets of brackets were machined out of 6061-T6 aluminum bar using the 
HAAS VF-3 CNC machine on the Arizona State University Polytechnic campus. The 
brackets were designed for manufacturability and incorporated geometric features, such 
as the flat on the top of the bracket, to make them easier to machine. After machining the 
brackets, the existing eyelets on the frames were cut off and the adaptor brackets were 
installed on the modified frames. The through holes for the mounting bolts were then 
match drilled allowing the adaptor brackets to be permanently attached using 1/4-28 bolts 
and nuts. In addition to modifying the frame to rotate independently of the collector, the 
adaptor brackets also aided in the ease of assembly of the completed solar trough. The 
absorber tube and borosilicate glass envelopes could be installed separately rather than 
simultaneously preventing the glass tubes from being broken. In order to allow for the 
rotation of the parabolic trough about the collector tube, two high-load steel spherical 
roller bearings were incorporated into the end support adaptor brackets. The roller 
bearings were sourced from McMaster-Carr and are capable of withstanding dynamic 
loads of over 26,000 pounds at temperatures of up to 200 degrees Celsius. While the 
collector only experiences minor dynamic loading of less than 200 pounds, bearings were 
required that could withstand the elevated operating temperatures of the system. Figure 
19 shows the end support adaptor brackets after machining and installed on the solar 
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collector, and Figure 20 shows the center support adaptor bracket after machining and 
installed on the solar collector. The roller bearings can also be seen installed in Figure 19. 
  
Figure 19. End support brackets. This figure shows both sides of the end support 
brackets.  
 
 58  
  
Figure 20. Center support bracket. This figure shows the left and right sides of the center 
support bracket.  
 In addition to designing and fabricating the adaptor brackets for the trough 
support frames, the absorber tube for the collector was also replaced. The existing 
stainless steel absorber tube was replaced with a three meter copper absorber tube made 
using two-inch (5.4-centimeter) diameter type k copper pipe. The larger diameter pipe 
compensates for any errors in the manufacturing process of the support frame that may 
have altered the geometry of the parabola. Copper has a thermal conductivity that is 20 
times higher than stainless steel, which allows for less thermal resistance in the absorber 
tube and more efficient absorption of solar radiation into the heat transfer fluid. The 
absorber tube is painted with black engine enamel to maximize absorptivity and is 
surrounded by an 8.5-centimeter diameter borosilicate glass envelope designed to 
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minimize heat loss from the absorber tube by allowing a vacuum to be drawn between the 
envelope and the absorber tube. The glass envelope is installed in two sections that 
encase the copper absorber tube between each of the support adaptor brackets. Figure 21 
shows the absorber tube installed in the modified collector. The figure shows both the 
black painted copper absorber tube as well as the two sections of borosilicate glass 
envelopes between the frames. Note that the stationary absorber tube allows for the use of 
simple fixed plumbing connections for the heat transfer fluid. This was the key design 
metric for the adaptor brackets. 
 
Figure 21. Installed absorber tube. This figure shows the new absorber tube installed on 
the modified solar collector. 
 In order to rotate the collector about the absorber tube to track the sun, a simple 
hand operated crank system was installed on the collector. The crank system consists of a 
chain and sprocket, a lever arm, and a mount connected to the support frame. Figure 22, 
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shows the crank system components as well as the attachment points to the support frame 
and the solar collector. The center sprocket is attached to the left end support adaptor 
bracket, while the lever arm is attached to the support frame using a section of square 
aluminum tubing. While this system was suitable for the experimental tests outlined in 
Chapter 6, it is far from optimized. The crank system requires the collector to be rotated 
by hand, and the test conductor has to continuously check the system to ensure that the 
absorber tube’s shadow is in the center of the collector. The crank system will be 
replaced by an automated solar tracking system in the future, which should improve the 
overall operational efficiency of the collector. 
  
Figure 22: Crank system components. This figure shows the crank system components 
and their mounting locations on the system. 
 The final improvement to the parabolic trough solar collector was the addition of 
one-inch by one-inch square aluminum tubing to the bottom of the collector. The tubing 
was attached to the frame using 7/16-20 bolts and helps to improve the rigidity of the 
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structure. The aluminum supports were added to the existing frame before any additional 
modifications were made in order to prevent the collector from collapsing during 
disassembly. Figure 23 shows the support structure on the bottom of the solar collector 
between the machined frames. This support structure provides significant rigidity for the 
collector and helps the frames to maintain the parabola.   
 
Figure 23. Trough support structure. This figure shows the modifications made to the 
parabolic trough support structure. 
 Figure 24 shows the fully assembled parabolic trough solar collector in operation 
during a test on August 29, 2015. The results of the experimental tests of the system are 
discussed in Chapter 7.  
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Figure 24. Assembled solar collector in operation. This figure shows the completed solar 
trough in operation on August 29, 2015. 
Support Frame Design 
 In order to create a self-contained system that was mobile for testing and capable 
of supporting all of the subsystems for the on-demand solar water heater, a support 
platform was designed and fabricated using 80/20 aluminum extrusions. 80/20 aluminum 
extrusions are branded as The Industrial Erector Set by 80/20 Incorporated, and include a 
broad range of aluminum extrusions, brackets, fasteners, and related hardware that can be 
configured to build just about anything (80/20 Inc., n.d.). 80/20 extrusions are strong, 
durable, and easy to assemble which made them the ideal choice for building the support 
platform. The aluminum support structure built for the on-demand solar water heater 
prototype consists of three main components, the extrusions, the brackets, and the 
fasteners and t-nuts used to assemble the structure. 80/20 Incorporated offers seven series 
for t-slot extrusions, each with different external dimensions. The support frame uses 
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both 1515 series extrusions and 1530 series extrusions. 1515 extrusions are square and 
1.5 by 1.5 inches in size. These extrusions were used for the triangular support structure 
for mounting the collector on each end of the support frame. The 1530 series extrusions 
are rectangular and 1.5 by 3.0 inches in size, and were used to build the bottom of the 
support frame. Both types of extrusions are made of 6105-T5 aluminum and are clear 
anodized to prevent corrosion. 1515 series extrusions have a moment of inertia of 0.2524 
in4 and 1530 series extrusions have a moment of inertia of 1.8042 in4 in the direction of 
the applied load. Both profiles provide for more than adequate strength and stiffness for 
the support frame application, allowing for all of the additional subsystems and the 
collector to be mounted on the frame. 
 In addition to the extrusions, the brackets, fasteners, and t-nuts were also sourced 
from 80/20 Incorporated. Two types of brackets were used to construct the support frame, 
8-hole inside corner brackets were used to connect the sections of 1530 extrusions and 6-
hole 60 degree brackets were used to connect the 1515 series extrusions to the main 
support frame and form the triangle frame used to support the solar collector. The number 
of holes in the bracket name indicates the number of fasteners used to attach the brackets 
to the extrusions. The brackets are also made of clear anodized 6105-T5 aluminum. The 
fasteners sourced from 80/20 to build the support frame are black oxide coated steel 5/16-
18 button head cap screws. The fasteners are used in combination with t-nuts to attach the 
extrusions together using the brackets. T-nuts are small flat black oxide coated steel nuts 
that fit in the channels of the aluminum extrusion and allow brackets to be placed 
anywhere along the length of the extrusion. 
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 In order for the system to be mobile for testing, casters had to be added to the 
bottom of the support frame. The casters were sourced from Harbor Freight Tools and 
have a load capacity of 450 pounds. The casters have eight-inch diameter cushion tires 
and an integrated spin and wheel lock. Adapter plates had to be designed and machined in 
order to mount the casters on the aluminum extrusions because the bolt pattern on the 
caster plates did not align with the extrusions. A simple plate was designed incorporating 
counterbored holes for mounting the adapter plate to the frame using 5/16-18 by one-inch 
socket head cap crews and tapped holes for mounting the casters to the adapter plate 
using the 5/16-18 button head cap screws from 80/20. Figure 25 shows the casters and 
adapter plates mounted to the support frame. The caster adapter plates were machined 
from 6061-T6 aluminum bar on the HAAS VF-3 CNC machine used to produce the 
trough support frame adapter brackets. 
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Figure 25. Caster and caster adapter plate. This figure shows the caster and caster adapter 
plate installed on one corner of the system.  
 Prior to ordering any components from 80/20, their extensive database of 3-
Dimensionsal models was used to create a CAD model of the support frame. This 
allowed for exact dimensions to be determined and for detailed work instructions to be 
generated for the fabrication of the frame. Figure 26 shows the CAD model of the support 
frame created using SolidWorks CAD software. The model includes all of the 
components used to fabricate the frame with the exception of the t-nuts. A Bill of 
Materials for the construction of the support frame is included in Table 2. Finally, Figure 
27 shows the completed frame before the installation of any subsystems. After 
completing the assembly of the support frame, sheets of aluminum honeycomb were 
added to create the floor structure for the support frame. 
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Figure 26. Support frame CAD model. This figure shows the CAD model of the support 
frame created in SolidWorks. 
Table 2 
 
Support Frame Bill of Materials 
FN Description P/N Quantity (Pieces) Length (in) 
1 1.5” x 3.0” T-Slotted Profile Bar 1530 2 99.00 
2 1.5” x 3.0” T-Slotted Profile Bar 1530 2 50.00 
3 1.5” x 3.0” T-Slotted Profile Bar 1530 2 47.00 
4 1.5” x 3.0” T-Slotted Profile Bar 1530 2 32.25 
5 1.5” x 3.0” T-Slotted Profile Bar 1530 1 31.25 
6 1.5” x 1.5” T-Slotted Profile Bar 1515 4 50.00 
7 15 Series 8-hole Corner Bracket 4304 14 N/A 
8 15 Series 60 Degree Angle Joining Plate 4362 4 N/A 
9 5/16-18 x .687” FBHSCS 3320 152 N/A 
10 Economy T-Nut 3320 152 N/A 
11 Caster Adapter Plate N/A 4 N/A 
12 Harbor Freight Swivel Caster w/ Lock 46819 4 N/A 
13 5/16-18 x 1.0” SHCS 91251A583 16 N/A 
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Figure 27. Assembled support frame. This figure shows the assembled support frame 
prior to subsystem installation. 
Phase Change Material Reservoir Design 
 The second major subsystem for the on-demand solar water heater is the phase 
change material reservoir. The phase change material reservoir consists of an insulated 
stainless steel tank with two heat exchangers that are immersed in the phase change 
material. The phase change material reservoir was designed to withstand the corrosive 
environment created by the PureTemp 68 molten salt phase change material and to 
reduce the thermal losses from the molten salt to the environment. Based on this design 
criterion, a pre-fabricated 304 stainless steel batch can was purchased from Stainless 
Steel Fabricators for use as the phase change material reservoir. Stainless steel can be a 
difficult and expensive material to work with so an off the shelf solution was selected 
instead of attempting to fabricate the tank. The stainless steel batch can selected for use 
as the phase change material reservoir is 0.762 meters by 0.381 meters by 0.457 meters in 
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size and is constructed using 18-gauge stainless steel. After receiving the batch can, 
modifications were made in order to incorporate the heat transfer fluid and water heat 
exchangers inside the reservoir. 
 After selecting the stainless steel batch can for use as the phase change material 
reservoir, the heat exchangers for the heat transfer fluid and water were designed. The 
internal dimensions of the batch can, the corrosive internal environment of the reservoir, 
as well as manufacturability were the main design constraints for the heat exchangers. 
Both heat exchangers have the same overall dimensions and were fabricated using 0.5-
inch (1.27-centimeter) diameter 316 stainless steel tubing with a wall thickness of 0.02 
inches (0.05-centimeters). Tubing was chosen to fabricate the heat exchangers because it 
could be easily bent into the required geometry. The tubing was bent into the shape 
outlined in Figure 28 using a tubing bender and has an overall length of 2.055 meters for 
a total surface area of 0.082 square meters. In their current configuration, the heat 
exchangers do not incorporate fins limiting the heat transfer rate from the heat exchanger 
into the phase change material. A new heat exchanger configuration for future 
optimization is discussed in Chapter 9.  
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Figure 28. Heat exchanger design. This figure shows the layout of the heat exchangers 
imbedded in the phase change material reservoir, dimensions are in inches. 
 The heat exchangers were installed in the stainless steel batch can using type 316 
stainless steel compression tube fittings. The compression fittings used were tube to tube 
through-wall fittings allowing the heat exchangers to be connected to the rest of the 
plumbing system while remaining isolated in the phase change material reservoir. Holes 
were drilled in the walls of the batch can at two inches (5.08-centimeters) and four inches 
(10.16-centimeters) in height off of the can floor for the heat transfer fluid and water heat 
exchanger lines respectively. Each heat exchanger has one fitting on each end. Figure 29 
is taken from the engineering drawing for the phase change material reservoir and shows 
how the heat exchangers are installed in the batch can. 
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Figure 29. Heat exchanger configuration in PCM reservoir. This figure shows how the 
heat exchangers are installed in the PCM reservoir, dimensions are in inches. 
 The final design feature of the phase change material reservoir is the outer layer 
of insulation designed to minimize the thermal losses from the phase change material to 
the environment. The type of insulation applied to the exterior of the batch can was 
carefully analyzed to determine the best combination of insulation types to minimize heat 
loss as well as the types of insulation that could withstand the temperatures at the 
reservoir surface. Based on input from an industry expert in insulation, it was determined 
that rigid polyurethane spray foam would provide the best thermal barrier for the 
reservoir and also function as a vapor barrier. However, the use of polyurethane spray 
foam presents an additional design challenge because of the maximum substrate 
temperature that the foam can be applied to of 82 degrees Celsius. Because of this design 
constraint an additional layer of insulation had to be added as a barrier between the tank 
walls and the foam. A simple heat transfer analysis model for the tank walls was set up in 
Excel to evaluate different insulations for use as a barrier between the foam and the tank 
walls. After evaluation, it was determined that 3.5-inch (8.89-centimeter) thick Roxul 
Curtain Rock stone wool with aluminum facing would provide the necessary thermal 
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barrier between the foam and the reservoir walls. Roxul Curtain Rock is also fire resistant 
and relatively easy to install on the reservoir walls. After determining the type of 
insulation to use between the reservoir walls and the polyurethane foam insulation, the 
batch can was taken to Banker Insulation, a local insulation contractor, in Chandler, 
Arizona. At Banker Insulation, the Roxul was cut to size and attached to the batch can 
and then a one inch layer of closed cell Bayer Bayseal CC X spray foam was applied over 
the Roxul. The spray foam provided a rigid outer layer for the tank insulation and is fire 
retardant. Figure 30 shows the insulation process for the phase change material reservoir. 
 
Figure 30. PCM reservoir insulation process. This figure shows the insulation process 
from start to finish (from top, left to right). 
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Heat Transfer Fluid Reservoir Design 
 The heat transfer fluid reservoir was designed to hold a minimum of 19 liters of 
heat transfer fluid to ensure that the absorber tube and plumbing system were completely 
filled with heat transfer fluid at all times. The oil in the heat transfer fluid reservoir is in 
addition to the oil in the plumbing system and the solar collector. The heat transfer fluid 
reservoir was fabricated using an off the shelf steel 10 gallon portable compressed air 
tank purchased from The Home Depot. The tank was selected because it offered the 
internal volume required, could stand up to the high temperature of the oil during 
operation, was very inexpensive, and reduced the amount of fabrication time for the tank. 
As received the tank only had one location for a fitting to be attached, so the tank had to 
be modified to incorporate two additional locations for fittings for the oil inlet and outlet 
of the reservoir. Two holes were drilled in the tank wall on opposite sides and two 
sections of 1/2-inch pipe with male 1/2 inch NPT threaded ends to which tube fittings 
could be attached were welded to the tank. The existing 1/2 inch NPT fitting on the tank 
was used to attach a pressure relief valve to ensure that the system did not become 
pressurized during operation. Figure 31 shows the inlet and outlet of the heat transfer 
fluid reservoir post modification and installed on the support frame. 
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Figure 31. HTF reservoir. This figure shows the inlet and outlet of the HTF reservoir post 
modification. 
Plumbing System Design 
 The plumbing system is crucial to the operation of the on-demand solar water 
heater. Without plumbing, there is no way to facilitate the transfer of thermal energy from 
the heat transfer fluid to the phase change material, because the heat transfer fluid can not 
be moved from the point of energy collection at the solar collector to the heat exchanger 
in the phase change material reservoir. The plumbing subsystem also includes the 
instrumentation for temperature measurement and flow measurement, as well as the 
pump used to drive the heat transfer fluid throughout the system. The design of the 
plumbing subsystem was constrained by the heat transfer fluid selected for the system 
and the design of the solar collector. Because the system uses synthetic motor oil as the 
heat transfer fluid at a high temperature, a pump had to be selected that was both capable 
of driving the oil flow at the required mass flow rate and capable of withstanding the 
elevated operating temperatures of the system.  
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 A dispensing pump for lubricating oil built by SHURflow was selected to pump 
the oil throughout the system. The pump was sold by McMaster-Carr and came equipped 
with a Leeson electric motor. The oil pump has a maximum output flow rate of 40.8 liters 
per minute and is capable of operating at temperatures up to 138 degrees Celsius. The 
pump was selected using the results of the analysis outlined in Chapter 4. Based on the 
fittings at the inlet and outlet of the oil pump and the heat exchanger in the phase change 
material reservoir and the complex bends required, it was determined that 0.5-inch (1.27-
centimeter) diameter stainless steel tubing would be the best material for the plumbing 
system. The stainless steel tubing is used with stainless steel Yor-Lok fittings, which 
allow for the system to be quickly disassembled for maintenance or for future 
optimization. The inlet and outlet of the pump are both 1/2 NPT female fittings, and two 
1/2 NPT male to 0.5-inch tube fittings were used to connect the pump to the stainless 
steel tubing as shown in Figure 32. 
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Figure 32. Heat transfer fluid Pump. This figure shows the Yor-Lok tube fittings installed 
on the heat transfer fluid pump. 
 After the outlet of the pump the tubing enters a brass ball valve that is used to 
restrict the flow out of pump and prevent the fluid from flowing out of the absorber tube 
when the system is not in operation. After the exit of the ball valve, the tubing enters a 
rotameter volumetric flow meter and then a tee fitting that is used to insert a pipe probe 
thermocouple into the oil flow. Using 0.5-inch (1.27-centimeter) diameter tubing did 
present a design challenge for the plumbing after the tee fitting at the inlet as well as at 
the outlet of the solar collector. Because the collector absorber tube uses a two-inch 
(5.08-centimeter) diameter copper pipe, reducing fittings had to be used to connect the 
stainless steel tubing to the copper absorber tube. Figure 33 shows the reducing fittings 
used to transition from the two-inch (5.08-centimeter) copper pipe at the collector 
absorber tube to the 0.5-inch (1.27-centimeter) stainless steel tubing. This configuration 
is the same at both ends of the collector, with the exception of the brass flow sight that 
can be seen at the right of the figure. The transition includes five pieces of copper 
hardware that are soldered together, and one piece of stainless steel hardware that is 
threaded onto the bottom copper fitting. From top to bottom the fittings include a two-
inch (5.08-centimeter) diameter 90 degree copper elbow, a 7.62-centimeter section of 
two-inch (5.08-centimeter) diameter copper pipe, a two-inch (5.08-centimeter) to one-
inch (2.54-centimeter) diameter copper reducing fitting, a 8.89-centimeter section of one-
inch (2.54-centimeter) diameter copper pipe, a one-inch (2.54-centimeter) diameter 
copper pipe to 1/2 inch NPT male fitting, and finally a 1/2 inch NPT female to Yor-Lok 
stainless steel tube fitting.  
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Figure 33. Copper pipe to stainless steel tubing transition. This figure shows the 
transition from copper pipe to stainless steel tubing as described previously.  
 At the exit of the reducing fittings and before the entrance to the collector, a high-
temperature brass flow sight was installed. The flow sight is used to ensure that the 
absorber tube is completely filled with heat transfer fluid during operation, and is the 
only way to verify that the oil is flowing in the absorber tube as designed. The flow sight 
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has two-inch female NPT threads on both ends and is attached to the absorber tube and 
plumbing system using two solder-connection copper fittings with two-inch Male NPT 
threads. Figure 34 shows the flow sight installed on the system. This picture was taken 
while the system was not in operation, and shows that the absorber tube is nearly empty. 
 
Figure 34. Brass flow sight. This figure shows the brass flow sight installed on the 
system. 
 The plumbing at the exit of the collector is the same as the inlet as discussed 
previously without the flow sight. After the reducing fittings, another tee fitting is 
installed for a pipe probe thermocouple followed by a second brass ball valve that can be 
closed to prevent the fluid in the absorber tube from draining out of the collector. After 
the ball valve, the tubing is connected to the heat exchanger in the phase change material 
reservoir using the trough wall fitting discussed previously. At the exit of the heat 
exchanger the tubing is attached in the same way as the inlet and a third tee fitting for a 
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pipe probe thermocouple is installed. Following the tee fitting, the oil reservoir is 
installed and the tubing is connected using the Yor-Lok fitting on the reservoir inlet. 
After the exit of the oil reservoir, a fourth tee fitting is installed for a pipe probe 
thermocouple. After the fourth and final tee fitting, the tubing is attached to the inlet of 
the oil pump completing the heat transfer loop for the system. Figure 35 shows the tubing 
configuration at the collector exit prior to entering the phase change material reservoir. 
Table 7 in Appendix C is the bill of materials for the plumbing system and identifies the 
fittings installed on major components within the plumbing system. After completing the 
fabrication and installation of the components of the plumbing system, 5.08-centimeter 
thick high-temperature fiberglass pipe insulation was installed on the hot sections of the 
collector to reduce thermal losses to the environment. 
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Figure 35. Fitting configuration at collector exit. This figure shows the configuration of 
the plumbing system at the exit of the solar collector. 
 In total, the system includes 3.727 meters of 0.5-inch (1.27-centimeter) diameter 
316 stainless steel tubing, 3.302 meters of two-inch (5.08-centimeter) diameter copper 
pipe including the absorber tube, and 0.178 meters of one-inch (2.54-centimeter) 
diameter copper pipe. 
Phase Change Material and Heat Transfer Fluid Selection 
 The phase change material and the heat transfer fluid were selected early on in the 
design process. Both the phase change material selection and the heat transfer fluid 
selection had a major impact on the design of the rest of the system. The phase change 
material was a major factor in the selection of materials for both the phase change 
material reservoir and heat exchangers, and the heat transfer fluid influenced the selection 
of the pump, and the design of major components of the plumbing system. For the proof 
of concept prototype, Mobile 1 5W-20 Synthetic motor oil was selected as the heat 
transfer fluid. Mobile 1 is a readily available synthetic oil with thermal properties that are 
similar to synthetic heat transfer fluids that are used in large scale concentrating solar 
power plants. However the heat transfer fluids used in large-scale power plants are 
expensive and must be purchased in large quantities. A total of 33 liters of oil were used 
in the prototype system, to fill the solar collector, the plumbing system, and the heat 
transfer fluid reservoir. 
 PureTemp 68, a molten salt produced by Entropy Solutions, was selected for use 
in the prototype system. PureTemp 68 is a cost effective and stable energy storage 
material that melts at a temperature of 68 degrees Celsius and is capable of storing up to 
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213 Joules of energy per gram (Entropy Solutions, n.d.). Based on the initial results of the 
analysis of the solar collector, this molten salt was determined to be the best phase 
change material to use because of its stability, melting point, and availability. PureTemp 
68 is also an environmentally friendly organic material and is non-toxic (Entropy 
Solutions, n.d.). A total of 35 kilograms of PureTemp 68 were used in the phase change 
material reservoir, resulting in a depth 13.97 centimeters of phase change material over 
the area of the phase change material reservoir.  
Summary 
 The detailed design portion of this thesis was multifaceted and occurred while the 
analysis was being completed and components were being fabricated. The CAD models 
of the collector and major subsystems were instrumental in communicating the design to 
the fabrication team who fabricated the majority of the collector and its components. 
Figure 36 shows the completed CAD model of the system and Figure 37 shows the 
system in operation during the first experimental test. There are some differences 
between the CAD model and the completed prototype due to in-process changes that had 
to be made during the fabrication of the system.  
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Figure 36. CAD model of prototype system. This Figure shows the CAD model for the 
prototype system. 
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Figure 37. Completed system in operation. This figure shows the completed on-demand 
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CHAPTER 6 
TESTING AND INTSTRUMENTATION 
 In order to verify the results of the analysis outlined in Chapter 4 and validate the 
operation of the system, experimental testing was conducted using the proof of concept 
system outlined in Chapter 5. Experimental testing for verification and validation is an 
important step in the development of a new system. A total of six tests were conducted 
over the course of six nonconsecutive days in August and September 2015. The results of 
the six tests conducted to verify and validate the system are outlined in Chapter 7. This 
chapter outlines the testing process, including the instrumentation installed on the system, 
the test plan, and details on all six tests conducted including weather and observations.  
Instrumentation 
 
 In addition to providing the flow path for the heat transfer fluid throughout the 
system, the plumbing system also includes instrumentation crucial to evaluating the 
results of experimental tests conducted using the system. The plumbing system includes 
three major pieces of instrumentation, the rotatmeter flowmeter, the pipe probe 
thermocouples, and the flow sight. These sensors are used to measure the volumetric flow 
rate of the heat transfer fluid, the temperature of the heat transfer fluid in several 
locations throughout the system, and to visually verify that the heat transfer fluid 
completely fills the absorber tube in the parabolic trough solar collector respectively. The 
instrumentation for the system was selected based on operational parameters that were 
needed in order to verify and validate the operation of the system. Flow rate and 
temperature data for the system is used to determine the change in thermal energy 
throughout the system. The process for determining the change in thermal energy within 
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the system and analyzing the results is outlined in Chapter 7. The flow sight is used to 
ensure that the system is operating as designed but not to collect data.  
 The flowmeter selected and installed on the system is a rotameter type flowmeter 
that is capable of measuring volumetric flow rate over a range of five to 38 liters per 
minute and is designed for use with oil. The flowmeter has an analog scale and does not 
output any data digitally. Because the system was operated at a constant flow rate a 
digital flow meter was not required. The flowmeter is capable of operating with fluid 
temperatures exceeding 115 degrees Celsius. The flowmeter was installed on the system 
as outline in Chapter 5, and was monitored by the test conductor over the course of each 
test for fluctuations in flow rate. As previously outlined, the pipe probe thermocouples 
were used to make temperature measurements at key locations within the system. Type K 
grounded 1/8 NPT pipe plug probe thermocouples from Omega Engineering were 
selected and installed on the system. The thermocouples selected are rugged and ideal for 
use in this application. The thermocouples are made of 304 stainless steel and are capable 
of operating at temperatures up to 650 degrees Celsius with a tolerance of plus or minus 
0.75 percent. The pipe probe thermocouples were installed in the plumbing subsystem 
using Yor-Lok inline tee fittings for 0.5-inch (1.27-centimeter) Tube with a 1/4 NPT 
female pipe thread fitting. Reducing adapters were used to go from 1/4 NPT female to 1/8 
NPT female for use with the pipe probe thermocouples. The tee fittings, reducing 
adapters, and thermocouples were installed in the plumbing system as shown in Figure 38 
using Teflon tape. 
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Figure 38. Pipe probe thermocouple installation. This figure shows how the pipe probe 
thermocouples were installed in the plumbing system. 
 The thermocouples were installed in the plumbing subsystem at the inlet of the 
solar collector, between the outlet of the solar collector and the inlet of the phase change 
material reservoir, between the outlet of the phase change material reservoir and the inlet 
of the heat transfer fluid reservoir, and at the outlet of the heat transfer fluid reservoir. 
These thermocouples were used to measure the temperature of the heat transfer fluid at 
the inlet and outlet of each subsystem in order to determine the change in temperature 
across each subsystem. The change in temperature was then used to calculate the change 
in thermal energy across each subsystem. Two thermocouples were also placed in 
different locations within the phase change material reservoir to measure the change in 
temperature of the salt during testing. These thermocouples were used to determine when 
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the salt became molten, which was not possible to verify visually after the first 
experimental test. 
 To collect and store temperature measurements from the thermocouples described 
previously an OM-CP-PCTTEMP200 eight-channel thermocouple data logger was 
purchased from Omega Engineering. The data logger selected is capable of making 
temperature measurements from up to eight thermocouples simultaneously as well as 
ambient temperature, and is a standalone unit that runs on a lithium ion battery. The data 
logger has an LCD display that shows the temperature reading from each thermocouple 
and the ambient temperature, and is designed for use with Omega Engineering’s OM-CP 
data logger software. The OM-CP data logger software is used to configure the data 
logger including the sampling rate and on and off times, as well as to analyze and export 
the temperature data collected by the data logger. The data logger has an accuracy of plus 
or minus 0.5 degrees Celsius and is capable of logging temperature data for up to 18 
months straight using battery power. Thermocouples are connected to the data logger 
using subminiature female thermocouple connectors, and the type of thermocouple being 
used is set on the device. The data logger proved to work extremely well for the 
experimental testing conducted for this thesis, and was extremely simple and easy to use.  
Testing Information 
 
  To verify and validate the system experimentally, the system was tested under 
normal operating conditions. Tests were conducted on the east side of the Simulator 
Building on the Arizona State University Polytechnic Campus, using a paved area outside 
of the CNC and Robotics Laboratory. In its current configuration the system requires a 
208 volt outlet to run the heat transfer fluid pump, and the east side of the building 
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provided the only location around the building that was in full sun for the majority of the 
day and had the required power source. One drawback to this testing location was the 
building’s shadow, which fully covered the solar collector by 3:45 PM each day that 
testing was conducted. Because the tracking system for the collector had to be controlled 
manually and because of lab requirements for a test conductor to be present at all times, 
the system was only tested for durations up to seven hours. 
 To experimentally test the prototype on-demand solar water heater, the system 
was moved outside of the CNC and Robotics Laboratory in the Simulator Building and 
oriented north to south with the inlet of the solar collector facing north. The data logger 
was then setup to record the temperature data using the OM-CP data logger software at a 
specified start time and with a specified sampling rate. The thermocouples were then 
plugged into the data logger, the collector was rotated to the proper orientation, and the 
heat transfer fluid pump was plugged in starting the flow of oil. The flow rate of the oil 
was then recorded and the system was allowed to run continuously until the collector was 
fully shaded. The test conductor was required to monitor the temperatures on the data 
logger and compare them to samples taken using an infrared thermometer, and rotate the 
collector to track the sun throughout the test. Both tasks were completed every 15 
minutes throughout the test on average. Figure 39 shows the test setup for the system 
during operation as well as the orientation of the collector. 
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Figure 39. System in operation. This figure shows the system in operation near the end of 
testing on 8/29/15, notice the buildings shadow on the bottom right. 
 Experimental tests were conducted on August 29, 2015, September 8, 2015, 
September 12, 2015, September 17, 2015, September 18, 2015, and September 19, 2015. 
Specific information for each test is included in Table 3. Table 3 includes the date, basic 
weather information, test start and end time, and sampling rate for the thermocouple data 
logger. As Table 3 shows, the duration and sampling rate of each test varies slightly. 
There were also other variations in each test conducted. Important issues and 
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Table 3 
 
Experimental Testing Information 
Test 









8/29/15 Clear and Sunny, High of 41.7° C 11:46 16:00 15,240 30 
9/8/15 Cloudy, High of 36.7° C 9:32 15:14 20,560 10 
9/12/15 Clear and Sunny, High of 38.9° C 10:13 16:50 23,820 10 
9/17/15 Clear and Sunny, High of 35.6° C 10:17 15:45 19,680 5 
9/18/15 Clear and Sunny, High of 35.6° C 10:29 16:45 22,560 5 
9/19/15 Scattered Clouds, High of 36.7° C 10:20 16:45 23,100 5 
 
 As Table 3 shows, the duration and sampling rate of each test varies slightly. 
There were also other variations in each test conducted. Important issues and 
observations for each test are outlined below.  
Test 1: Conducted 8/29/15 
• First experimental test conducted. 
• Test was used to verify subsystems.  
• First hour of testing was used to trouble shoot the system to ensure that it was 
operating as designed. 
• This test was the first time the system was run for a long duration in the sun. 
• The phase change material started in a powdered form as manufactured. 
• For this test, the phase change material only melted in an area near the heat 
exchanger. 
• The collector was fully shaded at 3:45 PM. 
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Test 2: Conducted 9/8/15 
• The system was in full sun at the start of the test but clouds moved in shortly after 
the test began. 
• This test was used to analyze a worst case-operating scenario for the system. 
• The salt did not reach 68 degrees Celsius at the location of the thermocouples in 
the phase change material reservoir, meaning no energy was stored. 
Test 3: Conducted 9/12/15 
• This test was conducted under clear sky conditions. 
• A large quantity of salt was melted during this test. 
• The system was allowed to continue circulating oil after the collector became 
fully shaded. 
• The collector was fully shaded at 3:20 PM. 
• The salt continued to melt after the collector was completely shaded. 
Test 4: Conducted 9/17/15 
• This test was the first of three consecutive tests conducted to evaluate the effect of 
consecutive days of operation on the phase change material. 
• The collector was fully shaded at 3:10 PM. 
Test 5: Conducted 9/18/15 
• The latent heat left in the phase change material from the previous day decreased 
the time it took for the phase change material to melt. 
• The collector was fully shaded at 3:10 PM. 
 
 
 91  
Test 6: Conducted 9/19/15 
• The phase change material remained in a quasi-molten state overnight after the 
previous day’s test. 
• The phase change material was at a temperature of 68 degrees Celsius at the start 
of the test. 
• The phase change material was transferring thermal energy to the cooler heat 
transfer fluid at the start of the test. 
• The largest quantity of phase change material was melted over the course of this 
test. 
• The collector was fully shaded at 3:10 PM. 
 The analysis of the data collected for all six days of experimental testing, as well 
as the data analysis process, is included in Chapter 7. Overall, the results of the six 
experimental tests conducted with the proof of concept system indicate that the prototype 
system functions and is capable of storing thermal energy that can be used to heat water. 
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CHAPTER 7 
POST-TESTING DATA ANALYSIS 
Analysis of Results 
 
 Following the completion of each of the six experimental tests conducted using 
the proof of concept system; the data collected on the OM-CP-PCTTEMP200 
thermocouple data logger was extracted and exported to Excel using the OM-CP data 
logger software from Omega Engineering. The data was then sorted and prepared for 
analysis using a custom data analysis program written using MATLAB. The MATLAB 
program functions by importing each temperature data point from Excel for each 
thermocouple and combines the individual data points for each thermocouple into a 
single array. A time array is then created to span the entire testing period being adjusted 
for the time step used to collect data. The mass flow rate of the heat transfer fluid in the 
system is then calculated using the recorded volumetric flow rate from flow meter and the 
density of the heat transfer fluid.  
 After calculating the mass flow rate of the heat transfer fluid, the appropriate 
temperature arrays are then used to calculate the solar energy absorbed per unit time by 
the heat transfer fluid in the collector and the thermal energy transferred per unit time to 
the phase change material using Equation 4.7. This creates two arrays for the energy 
absorbed per unit time by the heat transfer fluid and the energy transferred per unit time 
to the salt in Watts, which are then plotted against the time array. After creating both 
plots, the function trapz is used to numerically integrate to determine the total solar 
energy absorbed by the heat transfer fluid and the total thermal energy transferred to the 
phase change material in Joules. The values for total solar energy absorbed by the heat 
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transfer fluid and the total thermal energy transferred to the phase change material for 
each test conducted are included in Table 4.  
 In addition to calculating the total energy into the heat transfer fluid and the phase 
change material, the MATLAB program also plots the temperature array for each 
thermocouple against the time array. A plot is created for each individual thermocouple 
as well as a single plot to more explicitly show the temperature trend across the system 
that contains the temperature values from all thermocouples. The MATLAB program is 
also used to estimate the thermal energy stored in the phase changes material after the salt 
becomes molten. This process is the same as outlined previously for evaluating the total 
solar energy absorbed by the heat transfer fluid and the total thermal energy transferred to 
the phase change material, but uses a new temperature array that includes temperature 
values from the thermocouples after the phase change material temperature exceeds 68 
degrees Celsius. This value is then used to determine the quantity of water that can be 
heated from 15 to 49 degrees Celsius by the system using Equation 4.10. The values for 
total thermal energy stored in the phase change material and for the quantity of hot water 
produced are also included in Table 4.  
Testing Results 
 The results from the six experimental tests summarized in Chapter 6 and analyzed 
using the MATLAB program outlined previously indicate that the proof of concept 
system functions and is capable of storing thermal energy as latent heat in a phase change 
material. The results of the experimental tests also verify the results of the theoretical 
analysis of the system discussed in Chapter 3. Table 4 and Figures 40 through 45 show 
the results of the experimental tests conducted using the proof of concept system. Table 4 
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contains the values for the total solar energy collected by the system, the total thermal 
energy transferred to the phase change material, the total thermal energy stored in the 
phase change material, the maximum heat transfer fluid and phase change material 
temperatures, and the quantity of hot water that could be produced using the thermal 
energy stored in the phase change material. It is important to note that these results only 
include the thermal energy transferred to the phase change material while the system was 
in operation. From observations of the phase change material the day after tests were 
conducted and the results of the three consecutive days of testing, the heat transfer fluid 
continued to transfer thermal energy to the phase change material after the system was 
shut off. This data could not be captured due to security concerns with the data logger.  
Table 4 
 





























8/29/15 11903 3708.3 3653.9 98.1 77.3 6.8 
9/8/15 16716 1923.4 0.0 82.0 61.8 0.0 
9/12/15 18892 5117.5 2466.1 94.9 79.5 4.6 
9/17/15 20610 8594.3 3307.8 92.3 75.7 6.1 
9/18/15 22812 1288.6 926.0 97.6 74.6 1.7 
9/19/15 20945 5227.3 3453.0 95.4 75.1 6.4 
 
 Figures 1 through 6 show the temperature trend across the system for all 
thermocouples from the six experimental tests conducted. These six figures are the most 
pertinent figures obtained from the experimental tests conducted using the prototype 
system, because they show the correlation between the thermal energy into and out of 
each subsystem. The figures also show the relationship between the temperature of the 
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heat transfer fluid and the temperature of the phase change material. This trend can also 
be observed in the results of the theoretical analysis discussed in Chapter 4 for the 
months of August and September. From the figures the maximum heat transfer fluid and 
phase change material temperatures are evident, as well as the time step at which the 
phase change material exceeds 68 degrees Celsius indicating the presence of molten salt 
in the reservoir. Figures 5 and 6 also show the effect on the temperature of the phase 
change material when the system is run on consecutive days. From the figures the 
elevated starting temperature of the phase change material can be noted as well as the 
time taken for the phase change material to exceed 68 degree Celsius. Additional figures 
generated using the MATLAB data analysis program for all six tests are included in 
Appendix D. 
 
Figure 40. Temperature results for 8/29/15. This figure shows the variation in 
temperature at various locations in the system over the course of testing. 
Time Step





















Solar Collector Input Temperature
Solar Collector Output Temperature
HE Output Temperature
Phase Change Material Temperature
 96  
 
Figure 41. Temperature results for 9/8/15. This figure shows the variation in temperature 
at various locations in the system over the course of testing. 
 
Figure 42. Temperature results for 9/12/15. This figure shows the variation in 
temperature at various locations in the system over the course of testing. 
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Figure 43. Temperature results for 9/17/15. This figure shows the variation in 
temperature at various locations in the system over the course of testing. 
 
Figure 44. Temperature results for 9/18/15. This figure shows the variation in 
temperature at various locations in the system over the course of testing. 
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Figure 45. Temperature results for 9/19/15. This figure shows the variation in 
temperature at various locations in the system over the course of testing. 
 From the results of the theoretical analysis and the experimental testing 
conducted, it is clear that the design of the current system is not optimized. While the 
system is capable of storing thermal energy that could be used to heat water, the 
quantities that can be produced are far below what would be required for a commercial 
on-demand solar water heater system. From the results of the experimental tests, the 
system is capable of producing less than seven gallons of hot water, which is well below 
the 80 to 120 gallons of hot water used by a typical household per day (Solar-Estimate, 
2015). It is important to note that the prototype system is a scaled down version of a 
future commercial system and does not contain the storage capacity necessary to heat 80 
to 120 gallons of water. The results shown in Table 4 and Figures 40 through 45 also 
show that the heat transfer into the phase change material for the current system is not 
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optimal. The experimental results indicate that the majority of the thermal energy 
captured by the solar collector remains in the heat transfer fluid rather than being 
transferred to the phase change material. These results are also similar to the results of the 
analysis outline in Chapter 4. This indicates that the heat exchanger installed in the phase 
change material reservoir is inadequate, and should be redesigned in order to improve the 
system’s ability to both store energy and function as an on-demand water heater.  
 Although the heat transfer rate into the phase change material is lower than ideal, 
the prototype proves that the concept of an on-demand solar water heater with phase 
change energy storage is a viable system that should be researched further. The 
performance of the system could be improved by replacing the existing heat exchanger 
with an optimized design or by increasing the dwell time of the heat transfer fluid within 
the phase change material reservoir. The prototype system was designed to be adaptable 
and function as a test bed for future research, allowing for the existing system to be 
optimized to improve performance. Based on the results of the experimental tests 
conducted, several design improvements were implemented for the system. These design 
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CHAPTER 8 
POST-TESTING IMPROVEMENTS 
 Following the completion of the experimental testing phase of this thesis, several 
design changes for the system were evaluated based on the results of the experimental 
tests conducted and observations made during testing. The experimental results indicated 
that the overall performance of the system could be improved by making changes to both 
the circulation of the heat transfer fluid through the system and the heat exchanger 
configuration in the phase change material reservoir. Two primary areas where 
improvements could be made quickly and at a relatively low cost were identified after 
reviewing the test results. The pump motor used to circulate the phase change material is 
a single-phase capacitor start capacitor run motor and the motor speed cannot be 
controlled. This results in minimal control over the flow rate of the heat transfer fluid in 
the system. During testing it was determined that the system could absorb a larger 
quantity of solar energy and transfer a larger quantity of thermal energy to the phase 
change material if the mass flow rate for the oil flow was reduced or if the system could 
be run in cycles allowing the oil to dwell in the absorber tube and the heat exchanger. The 
dwell time of the oil in both the solar collector and the phase change material reservoir 
was identified as an issue early on in the testing process based on the temperature change 
across both subsystems. In addition, it was observed that a large quantity of salt was 
melted after the pump was shut off at the end of each test and the hot oil was allowed to 
sit in the heat exchanger.  
 In order to increase the dwell time of the oil in the collector and the heat 
exchanger in the phase change material reservoir, an Intermatic electronic timer was 
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purchased to cycle the motor and allow the heat transfer fluid to move through the system 
in batches instead of continuously. The timer also acts as a motor starter for the system, 
preventing the pump from starting immediately after being plugged in. The Intermatic 
timer was installed on the triangle support using 80/20 fasteners and t-nuts as shown in 
Figure 46. During the installation of the motor timer, cord grips were also installed on the 
motor and the timer box.  
 
Figure 46. Electronic timer. This figure shows the Intermatic electronic timer installed on 
the system. 
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 In addition to the installation of the electronic timer, the performance of the 
thermal energy transfer into the phase change material was also addressed by adding a 
second heat exchanger to the phase change material reservoir. As outlined in Chapter 5, 
the phase change material reservoir subsystem was fabricated with two heat exchangers, 
one for the heat transfer fluid and one for water. During the experimental tests the water 
heat exchanger was not used, and after testing it was determined that the performance of 
the system as an on-demand solar water heater could be evaluated without physically 
heating water. This decision allowed the water heat exchanger to be repurposed as a 
second oil heat exchanger. The heat exchangers for both the water and oil are identical 
with the exception of their height in the reservoir. Adding the second oil heat exchanger 
required the plumbing subsystem to be reworked to add Yor-Lok tee fittings to split the 
oil flow out of the collector and collate the oil flow after exiting the phase change 
material reservoir.  
 The rework of the plumbing system required extensive tube bending to be 
conducted to reroute the oil flow due to the orientation of the phase change material and 
heat transfer fluid reservoirs. The pump and heat transfer fluid reservoir were moved 
approximately 0.3 meters to accommodate the new tubing. Figure 47 shows the new 
plumbing configuration at the phase change material inlet, and Figure 48 shows the new 
plumbing configuration between the phase change material and heat transfer fluid 
reservoirs. Note the complicated bends required to reroute the tubing and the addition of 
the tee fittings to split the oil flow. In addition to installing the tee fittings to split the oil 
flow, additional instrumentation was added in the form of a pipe probe thermocouple at 
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the exit of the converted water heat exchanger. The tee fitting for the additional 
thermocouple can be seen in Figure 48. 
 
Figure 47: Plumbing configuration PCM reservoir inlet. This figure shows the new 
configuration of the plumbing at the PCM reservoir inlet. 
 
Figure 48: Plumbing configuration PCM reservoir exit. This figure shows the new 
configuration of the plumbing at the PCM reservoir exit. 
 The addition of the second heat exchanger in the phase change material reservoir 
doubled the total surface area of the heat exchanger system. This should in turn nearly 
double the heat transfer rate from the heat transfer fluid into the phase change material 
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improving the performance of the system by melting a larger quantity of salt more 
quickly. In addition to the improvements discussed previously, a minor oil leak was fixed 
at the ball valve at the exit of the solar collector. The improved system will be tested in 
the future to evaluate if the changes made result in better performance.  
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CHAPTER 9 
RECOMMENDATIONS FOR FUTURE WORK 
 The on-demand solar water heater system outlined in this thesis is a proof of 
concept system designed and built quickly in order to showcase the potential of a 
residential on-demand solar water heater and to provide a platform for future work. To 
this end the project was successful, although the performance of the system is not at the 
level where commercialization is feasible. Given that the system was designed and built 
as a working test bed for future research and upgrades, there are multiple areas in which 
future work can be conducted on the system. The most important area for future work is 
in the automation of the system using sensors and controls, followed by improvements to 
the heat exchanger design, and additional modifications to work towards 
commercialization. 
System Automation  
 
 Automating the system by adding sensors and controls will be the focus area for 
future work conducted on the on-demand solar water heater. There are several areas in 
which the implementation of sensors and controls can greatly improve the efficiency and 
functionality of the system, most importantly the addition of a single-axis solar tracking 
system. Work on the solar tracker is currently in progress, with the goal of developing a 
system that will rotate the parabolic trough solar collector about the center axis 
throughout the day and return the solar collector to its starting position at night. The solar 
tracker will consist of three main components, the transmission and motor, sensors, and a 
motor controller. Because of the mass of the collector, the holding torque required at high 
angles of rotation with wind exceeds 33 Newton-meters requiring a transmission to be 
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designed and built. Figure 49 shows the required holding torque for the system at angles 
of rotation from zero to ninety degrees. The transmission will also have to be capable of 
holding the solar collector in the desired position without having to run the tracking 
motor continuously. 
 
Figure 49. Holding torque required versus rotation angle. This figure shows the variation 
in holding torque versus the angle of the collector. 
 With these constraints in mind a design for the solar tracker transmission was 
developed. The solar tracker system transmission consists of a worm gear box, a stepper 
motor, a shaft coupler, roller chain, a sprocket, and mounts for the motor and gear box. 
Figure 50 outlines the layout of the solar tracker transmission and shows the location of 
each component by the item number listed in Table 5 shown below Figure 50. The 
principle component of the solar tracker transmission is the worm gear box, which has a 
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boxes are relatively inefficient, they present the best solution for the solar tracking system 
because the output shaft cannot drive the input shaft allowing the system to maintain the 
position of the collector without running the motor continuously. The input shaft is 
coupled using the flexible shaft coupling, which adjusts for minor shaft misalignment, to 
a NEMA 34 high-torque stepper motor. The stepper motor selected has a rated holding 
torque of 9.1 Newton-meters, which in combination with the worm gear box and chain 
and sprocket will provide more than enough torque to rotate the solar collector. A 
sprocket for ANSI number 40 roller chain is attached to the output shaft of the worm gear 
box. The sprocket selected will be connected to the existing sprocket on the center axis of 
the solar collector to rotate the collector about the absorber tube. 
 
Figure 50. Solar tracker system transmission. This figure shows the configuration of the 
transmission for the solar tracker system. 




 Solar Tracker Transmission Bill of Materials 
Item 
No. Part No. Description Quantity Supplier 
1 5887K422 Right AngleSpeed Reducer (Worm Gear Box) 1 McMaster-Carr 
2 5887K95 Mounting Base, Worm Gear 1 McMaster-Carr 
3 6280K195 Sprocket for ANSI Roller Chain #40 Chain 1 McMaster-Carr 
4 6408K166 Shaft Coupling 3/4 Diameter Shaft 1 McMaster-Carr 
5 6408K715 Shaft Coupling 1/2 Diameter Shaft 1 McMaster-Carr 
6 6408K77 Buna-N Spider for Flexible Shaft Coupling 1 McMaster-Carr 
7 8718L-02S NEMA 34 High Torque Stepper Motor 1 Lin Engineering 
8 0383 NEMA 34 Stepper Motor Mount 1 StepperOnline 
9 Motor Mount Base Stepper Motor Mount Base 1 Make 
 
 The motor controller and sensors for the solar tracker system have not been 
selected. The motor controller that is selected for this system will have to be capable of 
analyzing the output of the sensors to determine the position of the collector relative to 
the sun, and control the rotation of the motor to maintain the solar collector in the right 
position. The motor controller will most likely require custom computer code to be 
written to function as required. The sensor suite for the solar tracking system should 
consist of lux sensors position to measure the illuminance on each side of the system to 
determine the position of the sun relative to the solar collector. 
 In addition to the solar tracking system, additional research should be conducted 
into replacing the existing motor used to drive the heat transfer fluid pump with a motor 
that is capable of being controlled with a variable frequency drive that is programmable. 
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A programmable variable frequency drive would offer greater control of the flow rate of 
the heat transfer fluid through the system, and allow the flow rate to be adjusted based on 
the operating conditions of the collector. For example if the change in temperature across 
the collector is lower than ideal the mass flow rate can be reduced giving the heat transfer 
fluid greater residence time inside the absorber tube. This would require the input of the 
thermocouples already installed on the system. The automation of both the solar tracking 
system and the control of the heat transfer fluid pump will allow the system to be run 
without the presence of an operator, and push the system closer to commercial viability.   
Re-Designed Heat Exchanger 
 
 From the results of the analysis outlined in Chapter 4 and the results of the 
experimental tests outlined in Chapters 6 and 7 it is clear that the heat exchanger design 
currently in use on the system has significant room for optimization for both the existing 
system and any future commercialized designs. The improvements made to the system 
outlined in Chapter 8 partially address the heat exchanger design by adding a second 
identical heat exchanger, which will double the current surface area of the heat exchanger 
and the current heat transfer rate into the phase change material from the heat transfer 
fluid. The next step for the phase change material subsystem will be to develop a new 
heat exchanger design to further improve the ability of the system to transfer thermal 
energy to the phase change material for storage. Surface area and material properties are 
the most important factors to consider for the design of the heat exchanger. Maximizing 
surface area should be the primary design requirement for developing any future heat 
exchanger designs. In addition to maximizing surface area, new heat exchangers designed 
for the system should also increase the dwell time of the heat transfer fluid within the 
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phase change material reservoir, allowing more thermal energy to be transferred from the 
heat transfer fluid to the phase change material.  
 To maximize surface area, future heat exchanger designs should incorporate fins 
of some type. Numerous fin geometries exist and should be analyzed to determine the 
best type of fin geometry for this application. Dwell time of the heat transfer fluid in the 
phase change material reservoir can be improved by increasing the overall length of the 
heat exchanger or by incorporating an internal reservoir inside the heat exchanger. The 
incorporation of an internal reservoir will complicate the manufacturing process for 
future heat exchanger designs. However, with advancements in metal 3D-printing 
technology it may be possible to print the heat exchanger as a single piece. Using 3D-
printing should be explored to produce future heat exchanger designs, and will allow 
complex external and internal geometry to be created that would be otherwise impossible 
to machine. Finally, the system sizing calculations included in Appendix B should be 
taken into account for any future heat exchanger designs to ensure the heat exchanger is 
capable of meeting the requirements for a commercialized system. 
Additional Modifications 
 
 In addition to automating the system and redesigning the heat exchangers in the 
phase change material reservoir, additional research should be conducted to supply any 
required power to the system using solar photovoltaic (PV) panels. PV panels would 
eliminate the need for external electrical power reducing the operating costs for a 
commercial system. Direct current power could be used to run the heat transfer fluid 
pump as well as the solar tracking system and any future modifications made to the 
system to improve automation. The PV panels could also be used to charge a battery bank 
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to run the heat transfer fluid pump and automation systems after dark, and to supplement 
the heating of the phase change material using electrical resistance heaters imbedded in 
the phase change material reservoir. For example, if the incident solar radiation on the 
collector is insufficient to melt the phase change material, the electrical resistance heaters 
can augment the thermal energy transfer from the oil.  
 This can be researched further in order to develop a smart system that is capable 
of automatically routing power to the resistance heaters when required based on the 
temperature of the system. When the excess electricity from the solar panels is not being 
used to run the resistance heaters, it can be used to charge a battery bank that can run the 
resistance heaters at night to maintain the temperature of the phase change material. To 
run the system using direct current, the existing motor for the heat transfer fluid pump 
will have to be replaced with a direct current motor. The support frame for the system is 
capable of supporting the additional modifications without being redesigned.  
 112  
CHAPTER 10 
CONCLUSION 
 As the world trends toward alternative and renewable energy technologies and 
away from fossil fuels, residential scale renewable energy systems are likely to become 
commonplace. The performance and cost of renewable energy systems is key to 
advancing this timeline, and every improvement and new technology developed has the 
potential to do both. The proof of concept prototype for an on-demand solar water heater 
documented in this thesis is a new adaptation of existing technology that has vast 
potential for improvement and future commercialization. This investigation has 
successfully shown that the proof of concept on-demand solar water heater is a feasible 
system through both analysis and experimental testing. The proof of concept system is 
able to showcase the potential of residential on-demand solar water heaters and to 
function as a test bed for future research.  
 From the results of the theoretical analysis and the experimental testing 
conducted, it is clear that the proof of concept system is not optimized. Chapter 8 outlines 
modifications already made to the existing system to enhance performance, and future 
testing should be conducted to determine the impact of the modifications made on the 
performance of the system. Detailed recommendations for future work are outlined in 
Chapter 9, providing a clear path forward for future research. Overall, this investigation 
has shown that on-demand solar water heating systems should be researched further 
including conducting long term testing. The system designed and built for this 
investigation will be a valuable tool for conducting future research and demonstrating the 
concept of on-demand solar water heating systems.  
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APPENDIX A  
THEOTRETICAL ANALYSIS RESULTS 
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This appendix contains the figures created from the results of the theoretical analysis for 
the months of April, May, and July through October as described in Chapter 4. 
 
Figure 51. Solar energy available versus thermal energy collected in April. This figure 
shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the HTF over the course of the operating period.  
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Figure 52. Total heat transferred to the PCM for April. This figure shows the rate of 
thermal energy transfer to the PCM over the course of the operating period. 
 
Figure 53. Variation in temperature of the HTF in April. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period. 
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Figure 54. Variation in temperature of the PCM in April. This figure shows the change in 
temperature of the phase change material over the course of the operating period. 
 
Figure 55. Solar energy available versus thermal energy collected in May. This figure 
shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the HTF over the course of the operating period.  
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Figure 56. Total heat transferred to the PCM for May. This figure shows the rate of 
thermal energy transfer to the PCM over the course of the operating period. 
 
Figure 57. Variation in temperature of the HTF in May. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period.  
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Figure 58. Variation in temperature of the PCM in May. This figure shows the change in 
temperature of the phase change material over the course of the operating period. 
 
Figure 59. Solar energy available versus thermal energy collected in July. This figure 
shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the HTF over the course of the operating period.  
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Figure 60. Total heat transferred to the PCM for July. This figure shows the rate of 
thermal energy transfer to the PCM over the course of the operating period. 
 
Figure 61. Variation in temperature of the HTF in July. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period.  
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Figure 62. Variation in temperature of the PCM in July. This figure shows the change in 
temperature of the phase change material over the course of the operating period. 
 
Figure 63. Solar energy available versus thermal energy collected in August. This figure 
shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the HTF over the course of the operating period.  
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Figure 64. Total heat transferred to the PCM for August. This figure shows the rate of 
thermal energy transfer to the PCM over the course of the operating period. 
 
Figure 65. Variation in temperature of the HTF in August. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period.  
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Figure 66. Variation in temperature of the PCM in August. This figure shows the change 
in temperature of the phase change material over the course of the operating period. 
 
Figure 67. Solar energy available versus thermal energy collected in September. This 
figure shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by the HTF over the course of the operating period.  
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Figure 68. Total heat transferred to the PCM for September. This figure shows the rate of 
thermal energy transfer to the PCM over the course of the operating period. 
 
Figure 69. Variation in temperature of the HTF in September. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period.  
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Figure 70. Variation in temperature of the PCM in September. This figure shows the 
change in temperature of the PCM over the course of the operating period. 
 
Figure 71. Solar energy available versus thermal energy collected in October. This figure 
shows the variation in solar radiation hitting the collector and the thermal energy 
absorbed by HTF over the course of the operating period.  
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Figure 72. Total heat transferred to the PCM for October. This figure shows the rate of 
thermal energy transfer to the PCM over the course of the operating period. 
 
Figure 73. Variation in temperature of the HTF in October. This figure shows how the 
temperature of the oil in the system varies over the course of the operating period.  
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Figure 74. Variation in temperature of the PCM in October. This figure shows the change 
in temperature of the phase change material over the course of the operating period. 
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APPENDIX B  
SYSTEM SIZING ANALYSIS  
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This appendix outlines recommendations for sizing a commercialized system to 
heat 120 gallons of water per day for a family of four. Table 6 outlines the recommended 
size of the solar collector and the quantity of phase change material that a system should 
have to collect and store sufficient thermal energy to provide hot water for a family of 
four. The analysis assumes efficiencies of 75 percent for the heat transfer fluid to phase 
change material and phase change material to water heat exchangers, 95 percent for 
thermal losses from the pipes and reservoirs, and 50 percent for the solar collector. The 
analysis uses the material properties of PureTemp 68 for the phase change material, and 
the solar flux data outlined in Chapter 4 for the months of June and November. 
Table 6 
 





























June 454 1.2234e+05 352.6 4.6321e+08 2.9310e+04 15.80 
November 454 1.2234e+05 352.6 4.6321e+08 1.2293e+04 37.68 
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APPENDIX C  
PLUMBING SYSTEM BILL OF MATERIALS 
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Table 7 
 
Plumbing System Bill of Materials 
FN Description P/N Quantity Fitting FN(s) 
1 
Type 316 Stainless Steel Yor-Lok Tube 
Fitting Straight Adapter for 1/2" Tube 
OD x 1/2 NPT Male 
5182K135 6 N/A 
2 
Solder-Connection Copper Fitting for 
Drinking Water, Adapter, Socket-End, 
for 1 Tube Size, 1/2 Male NPT 
5520K283 2 N/A 
3 
Type 316 Stainless Steel Yor-Lok Tube 
Fitting, Straight Adapter for 1/2" Tube 
OD x 1/2 NPT Female 
5182K276 2 N/A 
4 
High-Pressure Flowmeter for Hydraulic 
Oil, 1/2 Pipe Size, 1-10 gpm Flow 
Range 
4263K72 1 1 (2x) 
5 
Solder-Connection Copper Fitting for 
Drinking Water, 90 Degree Elbow, 
Socket to Socket, for 2 Tube Size 
5520K66 2 N/A 
6 
Solder-Connection Copper Fitting for 
Drinking Water, Reducing Straight with 
Center Stop, 2 x 1 Tube Size 
5520K306 2 N/A 
7 
Copper Tubing for Drinking Water, 
Low Pressure Type M, 2" Tube Size, 2-
1/8" OD, 2' Long 
5175K139 1 N/A 
8 Dispensing Pump for Lubricating Oil, 10.8 gpm Maximum Flow 41915K87 1 1 (2x) 
9 
Brass Ball Valve with Yor-Lok 
Fittings, Ultra-High-Pressure, for 1/2" 
Tube OD 
4566K14 2 N/A 
10 
High Pressure Copper Tubing for 
Drinking Water, 1" Tube Size, 1-1/8" 
OD, .995" ID, 2' Length 
50475K91 1 N/A 
11 Flow Sight, High-Temperature, Brass Body, 2 NPT Female 4213K147 1 12 (2x) 
12 
Solder-Connection Copper Fitting for 
Drinking Water, Adapter, Socket-End, 
for 2 Tube Size, 2 Male NPT 
5520K16 2 N/A 
13 
Type 316 Stainless Steel Yor-Lok Tube 
Fitting, Inline Tee for 1/2" Tube OD x 
1/4 NPT Female Pipe 
5182K383 4 14 
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14 
High-Pressure 316 Stainless Steel 
Threaded Pipe Fitting, 1/4 Male x 1/8 
Female Pipe Size, Hex Reducing 
Bushing 
4443K731 4 N/A 
24 
High Temperature Fiberglass Pipe 
Insulation, 90 Degree Elbow, 2-1/8" 
Insulation ID, 2" Thick 
5556K143 1 N/A 
25 
High Temperature Fiberglass Pipe 
Insulation, 2" Thick, 2-1/8" Insulation 
ID, 3' Length 
5556K87 1 N/A 
26 
High Temperature Fiberglass Pipe 
Insulation, 2" Thick, 1-3/8" Insulation 
ID, 3' Length 
5556K73 1 N/A 
27 
High Temperature Fiberglass Pipe 
Insulation, 1-1/2" Thick, 5/8" Insulation 
ID, 3' Length 
5556K66 3 N/A 
28 
Continuous Pressure-Relief Vent with 
Deflector, 1/2" NPT, 15/16" Hex, 1-
5/16" Overall Height 
2257K34 1 N/A 
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This appendix contains the figures created from the data collected from the experimental 
tests conducted on 8/29/15, 9/8/15, 9/12/15, 9/17/15, 9/18/15, and 9/19/15 as described in 
Chapter 7. 
 
Figure 75. Solar energy collected results for 8/29/15. This figure shows the variation in 
solar energy collected in the HTF over the course of testing. 
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Figure 76. Thermal energy transferred to PCM results for 8/29/15. This figure shows the 
variation in thermal energy transferred to the PCM over the course of testing. 
 
 
Figure 77. Solar energy collected results for 9/8/15. This figure shows the variation in 
solar energy collected in the HTF over the course of testing. 
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Figure 78. Thermal energy transferred to PCM results for 9/8/15. This figure shows the 
variation in thermal energy transferred to the PCM over the course of testing. 
 
 
Figure 79. Solar energy collected results for 9/12/15. This figure shows the variation in 
solar energy collected in the HTF over the course of testing. 
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Figure 80. Thermal energy transferred to PCM results for 9/12/15. This figure shows the 
variation in thermal energy transferred to the PCM over the course of testing. 
 
 
Figure 81. Solar energy collected results for 9/17/15. This figure shows the variation in 
solar energy collected in the HTF over the course of testing. 
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Figure 82. Thermal energy transferred to PCM results for 9/17/15. This figure shows the 
variation in thermal energy transferred to the PCM over the course of testing. 
 
 
Figure 83. Solar energy collected results for 9/18/15. This figure shows the variation in 
solar energy collected in the HTF over the course of testing. 
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Figure 84. Thermal energy transferred to PCM results for 9/18/15. This figure shows the 
variation in thermal energy transferred to the PCM over the course of testing. 
 
 
Figure 85. Solar energy collected results for 9/19/15. This figure shows the variation in 
solar energy collected in the HTF over the course of testing. 
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Figure 86. Thermal energy transferred to PCM results for 9/19/15. This figure shows the 
variation in thermal energy transferred to the PCM over the course of testing. 
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IMPORTANT- PLEASE READ CAREFULLY: This End User License Agreement 
("Agreement") is a legal agreement between you (in your capacity as an individual and as 
an agent for your company, institution or other entity) (collectively, "you" or "Licensee") 
and the Alliance for Sustainable Energy, the Department of Energy (DOE) contract-
operator of the National Renewable Energy Laboratory ("NREL"). Downloading, 
displaying, using, or copying of the Image (as defined below) by you or by a third party 
on your behalf indicates your agreement to be bound by the terms and conditions of this 
Agreement. If you do not agree to these terms and conditions, do not download, display 
or use the Image. 
1. License Grant. Subject to receipt by NREL of any required DOE approvals, NREL 
grants you, and you hereby accept, a non-exclusive, royalty-free revocable license to 
download, display, use and copy the image selected by you and provided by NREL 
(collectively, the "Image"), subject to the following terms and conditions: 
(a) You may use the Image in any media for any purpose except pornographic, 
defamatory, libelous or otherwise unlawful purposes. 
(b) You may copy the Image to the extent reasonably necessary to exercise the foregoing 
license; provided however that all copies of the Image shall be subject to the terms of this 
Agreement; 
(c) NREL retains the rights to terminate this Agreement and withdraw its consent to the 
continued use, display or reproduction of the Image in any work, and expressly when the 
purpose of such use does not advance the educational or scientific mission of NREL. 
2. U.S. Government Rights. The Image was developed under funding from the DOE and 
the U.S. Government consequently retains certain rights as follows: the U.S. Government 
has been granted for itself and others acting on its behalf a paid-up, nonexclusive, 
irrevocable, worldwide license in the Image to reproduce and display publicly. The U.S. 
Government is granted for itself and others acting on its behalf a paid-up, nonexclusive, 
irrevocable, worldwide license to reproduce, prepare derivative works, distribute copies 
to the public, perform publicly and display publicly the Image, and to permit others to do 
so. 
3. Warranty Disclaimer. The image is supplied "as is" without warranty of any kind. 
NREL, the U.S. Government, the DOE, and their employees: (1) disclaim any warranties, 
express or implied, including but not limited to any implied warranties of 
merchantability, fitness for a particular purpose, title or non-infringement, (2) do not 
assume any legal liability or responsibility for the accuracy, completeness, or usefulness 
of the Image, and (3) do not represent that use of the Image would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or service 
by its trade name, trademark, manufacturer, or otherwise, does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by NREL, the U.S. Government, 
the DOE, or any agency thereof. 
4. Limitation of Liability. In no event will NREL be liable for any indirect, incidental, 
consequential, special or punitive damages of any kind or nature, including but not 
limited to loss profits, for any reason whatsoever, whether such liability is asserted on the 
basis of contract, tort (including negligence or strict liability), or otherwise, even if NREL 
has been warned of the possibility of such loss or damages. 
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5. Indemnity. You shall indemnify, defend, and hold harmless NREL, the DOE, the U.S. 
Government, the creators of the Image, sponsors, and their agents, officers, and 
employees, against any and all claims, suits, losses, damages, costs, fees, and expenses 
arising out of or in connection with this Agreement. You shall pay all costs incurred by 
NREL in enforcing this provision, including reasonable attorney fees. 
6. Term and Termination. The license granted to you under this Agreement will continue 
perpetually unless terminated by NREL in accordance with this Agreement. If you breach 
any term of this Agreement, and fail to cure such breach within thirty (30) days of the 
date of written notice, this Agreement shall immediately terminate. Upon any such 
termination, you shall immediately cease using the Image, return it, and all copies to 
NREL, or destroy, all copies of the Image, and provide NREL with written certification 
of your compliance with the foregoing. Termination shall not relieve you from your 
obligations arising prior to such termination. Notwithstanding any provision of this 
Agreement to the contrary, Sections 3 through 8 shall survive termination of this 
Agreement. 
7. Export Control. You shall observe all applicable United States and foreign laws and 
regulations (if any) with respect to the export, re-export, diversion or transfer of the 
Image, related technical data and direct products thereof, including, without limitation, 
the International Traffic in Arms Regulations (ITAR) and the Export Administration 
Regulations. The export of any technology from the United States, including without 
limitation the Image and related technical data, may require some form of export control 
license from the U.S. Government and, pursuant to U.S. laws, and failure to obtain any 
required export control license may result in criminal liability under U.S. laws. 
8. General. This Agreement shall be governed by the laws of the State of Colorado, 
excluding its rules governing conflicts of laws. This Agreement is binding upon and shall 
inure to the benefit of NREL, its successors and assigns. This Agreement represents the 
entire understanding of the parties, and supersedes all previous communications, written 
or oral, relating to the subject of this Agreement. 
9. By downloading, displaying, using, or copying the Image, and/or clicking the "I 
Agree" button, you are indicating your acceptance of the terms and conditions herein. 
